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Abstract. Natural rubber (NR) composite foam was developed through the Dunlop process with better volatile solvent ab-
sorption and antibacterial activity. The unmodified and modified titanium dioxide (TiO2), namely TiO2-zinc oxide (TiO2-
ZnO) and TiO2-silver doped zirconium (TiO2-Ag-Zr), were incorporated into the foams. The photocatalytic origination under
UV and visible light leads the composite foam with TiO2-ZnO to exhibit effective and suitable benzene absorbing and re-
moving abilities. Thus, the specific foam sizes provided the gaseous benzene absorption of 14.0 ppm within 3 h and the
gaseous benzene elimination of 7.6 ppm within 14 h in case of the composite with 10 phr TiO2-ZnO. Also, the foams with
NR/TiO2-ZnO and NR/TiO2-Ag-Zr exhibited excellent antibacterial activity for E. coli due to the release of Zn+ and ROS
species across the rubber foam filter layers to the bacteria surfaces. The resulting composite foam showed superior elastic
properties in terms of tensile strength, toughness, and elongation at break. To study the applicability as filter, the engineering
simulation relating the air flowability throughout the foam was examined. From the flow velocity and the air permeability
of the foam at a specified thickness, it was observed that the NR/TiO2-ZnO exhibited proper porous sizes and shapes for fil-
trating, reacting, absorbing and removing the gaseous benzene relative to other porous filters.
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1. Introduction
Environmental pollution is one of the major issues
that need to be reduced. Air pollutants are the prob-
lems that severely affect human health, including
particulate matters, biological molecules and gases,
particularly volatile organic compounds (VOC).
These chemical pollutants disperse in the air and
have adverse health effects on humans in both the
short and long term [1]. VOC emission sources are
numerous and widespread, including outdoor and in-
door sources such as vehicle exhaust, gas stations,
solvent-coated furniture, cleaning devices, cooking,
cigarette smoke and etc. In addition, during the en-
demic situation in recent years has been realized that
biological pollutants, especially pathogenic types in-
cluding bacteria, fungi, and viruses, affect human
health. These microorganism infections cause ill-
nesses, either mild or severe life-threatening infec-
tions in humans. The pathogen as an infectious agent
can spread into the human body through contaminat-
ed food or water, inhaling particles or droplets, and
contact with contaminated objects. As a result, phys-
ical adsorption and chemical treatment methods have
been applied to resolve the spreading of pollutants
[2, 3]. However, the procedure to eliminate both the
chemical and biological matters simultaneously is
required.
Advanced oxidation processes (AOP) is a chemical
treatment that produces strong oxidizing agents to
degrade organic contaminants continuously to small
organic molecules or harmless products, including
organic volatile, dyes as well as microorganisms [4].
These processes include Fenton reaction [5], photo-
catalysis [6], and ozone oxidation [7]. Photocatalysis
has been widely employed for pollutant treatment
using ultraviolet (UV) irradiation to activate semi-
conductor material for generating reactive species
(ROS) such as hydroxyl radical (*OH), hydroperoxyl
radical (*OOH), superoxide anion (*O2

–) and hydro-
gen peroxide (H2O2) to oxidize organic substances
[8]. Semiconductor materials such as titanium diox-
ide (TiO2) [9], zinc oxide (ZnO) [10], stannous oxide
(SnO) [11], tungsten trioxide (WO3) [12], and iron
oxide (Fe2O3) [13] and etc. have been intensively in-
vestigated due to their photocatalytic behaviors.
TiO2 is the most widely used material that acts as a
photocatalyst due to its energy band gap sufficiently
absorbing UV irradiation, biologically and chemi-
cally inert nature, corrosion resistance, non-toxici-
ty, and inexpensive [14]. TiO2 is a highly efficient

photocatalysis that excites electrons from the va-
lence band to the conduction band and creates elec-
tron-hole pairs (e––h+). This phenomenon further
originates from the reaction to the oxygen and water
molecules and produces strong oxidizing agents of
*OH, H2O2 and *O2

– [14]. These oxidizing agents can
break down the organic compounds to reduce their
harmfulness like water and carbon dioxide. TiO2
photocatalyst has been applied in various fields such
as air pollutant treatment, wastewater treatment dis-
infection purpose and self-cleaning [9, 14, 15]. How-
ever, the major drawback of TiO2 is its large energy
band gap of 3.0–3.2 eV and it absorbs photons only
in the range of UV irradiation. Hence, this inactive
nature of TiO2 under the visible light region leads to
a limitation for indoor application. Also, the recom-
bination of electron-hole pairs during the photocat-
alytic reaction is another limitation of photocatalytic
efficiency. To enhance the photocatalytic efficiency
under the visible region and reduce the charge re-
combination, modification of TiO2 structure in order
to shift the electronic band need to be investigated.
However, there are several strategies to modify TiO2,
including coupling with other semiconductors [16],
doping with metal [17], or non-metal ion [18], co-
doping with two or more ions [19], and noble metal
nanoparticle deposition [20]. The improved photo-
catalytic performance of TiO2 reduces the band gap
and electron-hole pair recombination extends the ap-
plication to wastewater degradation, gaseous elimi-
nation and microbial inactivation under UV and vis-
ible regions.
However, TiO2 cannot be used in powder form for
applications due to its ease of release during usage,
difficulty in recovering the catalyst, and high cost to
reuse [21]. Thus, the incorporation of TiO2 powder
into the supporting matrix is an important factor in
extending its application in numerous fields, espe-
cially in rubber products. In rubber industries, TiO2
is normally used as semi-reinforcing filler and white
pigment to color rubber products. In addition, pho-
tocatalytic properties of TiO2 are distinctive beyond
other fillers like silica, carbon black, clay, and calci-
um carbonate, which do not have such properties.
Incorporation of TiO2 into rubber film has been re-
ported to improve mechanical, dye adsorption, and
antimicrobial properties [22, 23]. However, the film
has the disadvantage of restricting the activity of
TiO2 in the matrix as they are covered with rubber
molecules, and it retards the electron transfer
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through the layers of the rubber matrix. Therefore,
the porous structure of the composite induces a large
surface area which is very important for photocat-
alytic activity [22]. The addition of TiO2 in rubber
composite foam can improve the attraction between
the surface of composites and organic pollutants by
improving the efficiency of eliminating methylene
blue (MB) and gaseous benzene under UV irradia-
tion [24]. However, the photocatalytic activity of
composite foam is limited under UV light; the incor-
poration of modified TiO2 in the rubber composite
foam is investigated synergistically the photocatalyt-
ic behavior like volatile elimination and antibacterial
activity can be applied in case of indoor and outdoor
rubber foam products. Among several rubber types,
the natural rubber (NR) is widely used in various ap-
plications regarding its superhydrophobic and insu-
lative properties, elasticity, flexibility and biological
resources. This serves several chances for the incor-
poration of the TiO2 to improve the distinguished
properties of NR products such as conductive com-
posite [25, 26], photocatalyst and disinfectant mate-
rials [24]. This is a promising and challenging study
in the field of rubber technology since there are no
prior works to examine clearly the phenomenon of
TiO2 in rubber matrix foam.
Therefore, in the present work, rubber foams based
on NR/TiO2 composites were prepared using the
Dunlop process. Three types of TiO2 were used in
the forms of pure TiO2, modified TiO2 with ZnO
(TiO2-ZnO), and modified TiO2 with silver and zir-
conium (TiO2-Ag-Zr). It is noted that each TiO2 has
different crystalline structures, energy band gap, par-
ticle size and morphology. It is proposed to clarify
the photocatalytic activity of different types of TiO2.
Degradation of MB solution and benzene gas were
used to evaluate the activities of the resulting com-
posite foams under UV and visible light conditions.
The reinforcement efficiency of TiO2 particles in the
NR foam matrix can be elucidated based on the vari-
ation in mechanical properties. The antibacterial prop-
erty of the composite foams was illustrated using
Escherichia coli (E. coli) as a representative of
gram-negative bacteria, which is the most common
bacterial species responsible for human pathogens
[27]. It causes various infections, including chole-
cystitis and cholangitis, peritonitis, cellulitis, os-
teomyelitis, and nosocomial pneumonia [28]. The
transmission of bacteria to humans occurs through
the contamination of hands or objects. Also, the air

flowability through the complex foam structure was
examined together with the engineering simulation,
and the air permeability was evaluated following the
Darcy’s law for studying the possibility of using the
foam as the natural foam filter.

2. Experimental section
2.1. Materials
High ammonia concentrated natural rubber latex
(HA-NR) with 60% dry rubber content (DRC) was
manufactured by Num Rubber & Latex Co., Ltd.
(Trang, Thailand). Potassium oleate (K-oleate), sul-
fur, zinc 2-mercaptobenzothiazone (ZMBT), zinc di-
ethylthiocarbonate (ZDEC), Lowinox CPL (butylat-
ed reaction product of para-cresol and dicyclopenta-
diene), zinc oxide (ZnO), diphenyl guanidine (DPG)
and sodium silicofluoride (SSF) were purchased
from Thanodom Trading Co., Ltd. (Bangkok, Thai-
land). Pure TiO2 and modified TiO2 with ZnO (TiO2-
ZnO) powders were supplied by Global Chemical
Co., Ltd. (Samut Prakan, Thailand) and modified
TiO2 with a silver (Ag) and zirconium (Zr) (TiO2-
Ag-Zr) were in-house produced as stated elsewhere
[19]. Three types of TiO2 powders were well ground
using ball milling at 25°C for 72 h. The average par-
ticle sizes of the pure TiO2, TiO2-ZnO and TiO2-Ag-
Zr suspension are reported as 0.71, 0.55 and 0.49 μm,
respectively, following the measure from the Light
scattering particle size analyzer (HORIBA, LA600,
Kyoto, Japan).

2.2. Preparation of NR composite foams
The NR composite foams were prepared through the
Dunlop process. All ingredients and their concentra-
tions in the composite foam are shown in Table 1.
The process was initiated from the incorporation of
K-oleate soap, sulfur, ZMBT, ZDEC, Lowinox CPL
and pure TiO2 or TiO2-ZnO or TiO2-Zr-Ag disper-
sions into HA-NR latex in the food mixer (Kitchen
Aid, Michigan, USA). The mixture was stirred at a
mixing speed of 80 rpm for 4 min. The mixing speed
was then increased to 180 rpm and stirred continu-
ously for 4 min until the volume of the foam in-
creased up to approximately three times the initial
volume, and further, the speed was reduced to 80 rpm
for 1 min. The mixing was continued for another
1 min upon the addition of DPG and ZnO, and final-
ly added gelling agent of SSF for 30 s primarily be-
fore transferring the mixture into a glass mold at
room temperature to allow gel formation. The gelled
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foam was vulcanized in a steam curing system for at
least 40 min. The vulcanized foam was washed with
water to eliminate the excessive chemicals and dried
in a hot air oven at 70 °C for 24 h [24].

2.3. Characterization of the molecular
structure of TiO2

2.3.1. X-ray diffractometer (XRD)
The crystalline structures of pure TiO2, TiO2-ZnO
and TiO2-Ag-Zr powders were analyzed by XRD
technique (XPert MPD, Philips X’ Pert MPD, Alme-
lo, Netherlands) with Cu Kα irradiation source. The
XRD pattern in the 2θ range of 20–80 degrees was
recorded.

2.3.2. X-ray photoelectron spectrometer
The elemental positions and chemical states of pure
TiO2, TiO2-ZnO and TiO2-Zr-Ag powder were ana-
lyzed by XPS (Kratos Analytical Axis Ultra, UK).
The samples were analyzed by using a monochromat-
ic Al Kα X-ray source. Wide scan spectra in the range
of binding energy of 0–1200 eV were reported.

2.3.3. Ultraviolet-visible-near infrared
(UV-VIS-NIR) spectrometer

The absorbance spectra of TiO2, TiO2-ZnO and
TiO2-Zr-Ag samples were characterized by UV–
VIS–NIR spectrophotometer (Shimadzu SolidSpec-
3700, Kyoto, Japan) at the wavelength range of 200–
800 nm. The energy band gap of all samples was
determined by the cut-off wavelength of the UV-vis-
ible absorbance spectrum by using the Tauc plot
method.

2.3.4. Transmission electron microscope (TEM)
The morphology of TiO2, TiO2-ZnO and TiO2-Zr-
Ag particles were analyzed by transmission electron
microscope (TEM) (Model JEOL, JEM-1400,
Tokyo, Japan) operated at 80 kV accelerating volt-
age. The powder specimen was dispersed in ethanol
and sonicated for 30 min, then dropped on the car-
bon-coated copper grid until the solvent evaporated
completely before analysis.

2.4. Characterization of NR/TiO2 composite
foams

2.4.1. Tensile properties
Tensile properties of the foams were measured using
a low force electromechanical universal testing ma-
chine (model 3365, Instron® Inc., Massachusetts,
USA). The Dumbbell shape specimens were prepared
according to ISO 37 Type 2, and the load was varied
at a crosshead speed of 200 mm/min. Modulus at
100% elongation, tensile strength, and elongation at
break of the foam were reported.

2.4.2. Morphologies
The surface morphology study of the composite
foam was carried out using scanning electron micro-
scope (SEM), (Apreo, Thermo Fisher Scientific,
Brno, Czech Republic) equipped with a dispersive
energy X-ray (EDX) detector to observe the nature
of dispersion of the unmodified and modified TiO2.
The foam surface was sputter-coated with gold under
vacuum prior to being characterized by SEM.

2.4.3. Air permeability
Measurement of air permeability of the composite
foam was performed by air permeability tester (Mes-
dan Lab 3240B, England). The air flow vertically
through the specimen of 5.0×5.0 cm2 at a pressure
of 500 Pa was measured.

2.5. Photocatalytic degradation of MB
MB represents the organic dye to determine the
photocatalytic efficiency of composite foam under
UV and fluorescent irradiation. The samples of
3.0×3.0×0.2 cm3 were prepared using the in-house
fast-cutting machine and immersed in 60 ml of
10–5 M of MB solution under the dark condition at
room temperature until the adsorption equilibrium
has reached (approximately 10 days). Then, it was
exposed to UV irradiation (15 W UV-C lamp) and
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Table 1. Formulation for the preparation of composite foams
filled with different types of TiO2.

Ingredients Chemical roles Contents
[phr]

60% HA-NR latex Rubber matrix 100.0
20% Potassium oleate Surfactant 1.5
50% Sulfur Vulcanizing agent 2.0
50% ZMBT Primary accelerator 1.0
50% ZDEC Secondary accelerator 1.0
50% ZnO Activator 3.0
50% Lowinox CPL Antioxidant 1.0
50% DPG Secondary gelling agent 1.0
20% SSF Primary gelling agent 1.0
30% Pure TiO2 Filler

0–2030% TiO2-ZnO Filler
30% TiO2-Ag-Zr Filler



fluorescent irradiation (15 W fluorescent lamp). 2 ml
of MB solution was taken and the spectra were
recorded for 2, 5, 8, 12, 16, 20 and 24 h of time by
using a UV-visible spectrophotometer (GENESYS
10-S, Massachusetts, USA). The photocatalytic ac-
tivity of composite foams was observed from the re-
duction in intensity at the maximum wavelength
(λmax = 664 nm) and the percentage of photodegra-
dation efficiency (Øp) to degrade MB was calculated
as Equation (1) [29]:

Photodegradation efficiency:

Øp [%] (1)

where C0 is the initial concentration of MB solution
and C refers to the concentration of MB solution at
a time t.

2.6. Photocatalytic degradation of gaseous
benzene

The foams filled with unmodified and modified TiO2
exhibited the highest photodegradation efficiency of
MB solution is the intention of evaluating the gaseous
benzene degradation. The experiment was carried
out in a closed stainless-steel reactor by using a vol-
umetric batch of size 54 l. The reactor has equipped
two blowers, and two 20 W LED lamps to maintain
the visible irradiation condition. The foam sheet
(28.0×28.0×0.2 cm3) was kept inside the reactor.
Then, the benzene gas with a concentration of
100 ppm (19.7 µl) was injected into the reactor. The
specimen was placed in the dark condition until the
foam adsorption reached equilibrium before turning
on the lamp. Further, 1 ml of gaseous benzene was
sampled for every 1 h. The concentration of gaseous
benzene was eventually measured using a gas chro-
matography/flame ionization detector (GC/FID)
(Shimadzu GC-14B, Tokyo, Japan) with a set-up of
the injection temperature of 100°C, column temper-
ature of 100°C and detection temperature of 150°C.

2.7. Antibacterial property
The antibacterial property of the composite foam
was investigated using Escherichia coli (E. coli) car-
rying pSB2K3-mCherry plasmid (mCherry red flu-
orescent protein or mCherry) as a representative of
gram-negative bacteria has been used for the quali-
tative analytical method. The qualitative determina-
tion of antibacterial testing was carried out by the

zone inhibition test. A single colony of the E. coliwas
inoculated under aseptic conditions in Luria Broth
(LB) medium and incubated at 37 °C for 18 h in an
incubator shaker. Further, 100 µl of 1·108 CFU/ml
bacteria suspension was added and spread onto an
LB agar plate containing 50 µg/ml kanamycin. Com-
posite foams with the size of 10×10 mm2 were ster-
ilized by autoclaving, placed onto the plates, and in-
cubated at 37 °C for 24 h in an incubator. The anti-
bacterial property of the composite foam was as-
sessed by measuring the clear inhibition zone ob-
served around the specimen [30].

2.8. Micro-computed tomography (μCT)
The 3D morphologies of the composite foams were
examined using high-resolution μCT, the Bruker
SkyScan 1173 (Bruker Corporation, Massachusetts,
USA). μCT allows the assessment of both external
and internal features of the samples [31]. Scanning
was performed by using an X-ray source with an op-
erating voltage 130 kV and a current of 61 mA. The
resolution of the μCT scan mainly depends on the
voxel size. Although smaller voxel sizes provide
finer geometrical details, it also leads to a significant
increase in total scanning time. The voxel size of
20 μm was adopted in the present study. Upon the
completion of the CT scan, a series of 2D images
were obtained. The three-dimensional images were
obtained by incorporating the two-dimensional im-
ages, and it was performed by the ScanIP (Simple-
ware Ltd., Exeter, UK) [32].

3. Results and discussion
3.1. Molecular structure of unmodified and

modified TiO2
The molecular structure of three TiO2 types are an-
alyzed using XRD technique in order to determine
their crystal structures, as shown the diffraction pat-
terns in Figure 1. The diffraction peaks of unmodi-
fied TiO2 at 25.35, 37.82, 48.06, 53.91, 55.08 and
62.90° are attributed to the crystalline planes of
(101), (004), (200), (105), (211) and (204), respec-
tively. These are comparable to the Joint Committee
on Powder Diffraction Standards database (JCPDS
card No 21-1272) [19]. It indicates that the structure
of unmodified TiO2 is similar to the anatase struc-
ture. The characteristic patterns of anastase-TiO2 are
also present in all the specimens. In addition, the
XRD pattern of modified TiO2 with ZnO (TiO2-
ZnO) shows the peaks at 31.87, 34.45, 36.29, 56.64,

C

C C
100

0

0 $=
-
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67.91° corresponds to the planes of (100), (002),
(101), (110), (112) (JCPDS card No.36-1451) [33],
indicating the hexagonal wurtzite structure of ZnO.
Considering the diffraction peaks of modified TiO2
with Ag and Zr (TiO2-Ag-Zr), it shows the charac-
teristic peaks of Ag at 38.12, 44.29 and 64.43° owing
to the planes (111) and (200) and (220), respectively
[34]. Also, the peak of Zr is expected at 32.61° (020)
and 30.2° (111); however, due to the less concentra-
tion of Zr and non-uniform dispersion inside the
TiO2, the peak has not been distinguished [19]. The

crystalline size of TiO2, ZnO and Ag nanoparticles
was determined through the Scherrer equation [19]
by using the Equation (2):

(2)

where D is the crystalline size, λ is the wavelength of
X-ray (0.1540 nm), β is full width at half maximum
(FWHM) corresponding to XRD peaks and θ is the
angle of diffraction. The crystallite size of three types
of TiO2 powder exhibited the crystallite sizes of
anatase-TiO2 phase of 62.64 nm, 26.90 nm for ZnO
nanoparticles and 55.85 nm for Ag nanoparticles.
The elemental composition and chemical bonding of
unmodified and modified-TiO2 are analyzed by X-ray
photoelectron spectroscopy (XPS), as shown in
Figure 2. All specimens exhibit the signals of Ti 2p
and O 1s elements assigned to Ti–O bonds in TiO2
crystal lattice. The characteristic signals of Ti 2p
show two peaks at 464 and 458 eV, indicating the
2p1/2 and Ti 2p3/2 states of Ti4+ ions in anatase TiO2,
respectively (Figure 2b). This is favorable for the
formation of electrons and hole in TiO2 during photo
catalytic reaction under UV irradiation [35]. In ad-
dition, the C 1s contaminant is observed at 284 eV

.
cos

D
0 9
b i
m=
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Figure 1. XRD patterns of TiO2, TiO2-ZnO and TiO2-Ag-Zr
particles.

Figure 2. XPS spectra of TiO2 and its modified forms (a), spectra of Ti 2p peaks (b) spectra of O 1s peaks (c) and spectra of
Zr 3d (d).



due to the presence of residual organic precursors.
However, the spectrum of modified TiO2 exhibits
new characteristic peaks. Modified TiO2 with ZnO
shows two sharp peaks at 1021 and 1044 eV attrib-
uted to Zn 2p3/2 and Zn 2p1/2 states of Zn2+ ions. The
Ti4+ signals are located at 458 and 464 eV (Figure 2b),
it does not show any shift of binding energy when
compared to the unmodified TiO2. It indicates the
coexistence of TiO2 and ZnO in the deposited form
of ZnO nanoparticles on the TiO2 surface. The in-
corporation of ZnO nanoparticles decreases the peak
intensity of Ti 2p, while O 1s signal intensity has not
changed (Figure 2c) due to the formation of Ti–O
bonds in TiO2 and Zn–O bonds in ZnO crystal lat-
tices. In the case of TiO2-Ag-Zr, the signal peak of
Ag element on TiO2 surface located at 373 and
367 eV is assigned to Ag 3d3/2 and Ag 3d5/2 states of
Ag+ ions [29]. The signal at 182 eV shows a small
peak of Zr atom attributing Zr 3d5/2 state of Zr4+ ion
as seen in Figure 2d. The shifting of Ti 2p and O 1s
peaks to lower binding energy is observed in Figure 2b
and Figure 2c. It is noted that, under calcination con-
ditions, Zr4+ ions were incorporated into the TiO2 lat-
tice due to the ionic radius of Zr4+ (0.072 nm) is sim-
ilar to Ti4+ (0.065 nm), leading to the substituting of
Zr4+ ions in the structural defect of TiO2 such as va-
cancies in its lattice [19, 36]. While ironic radius of
Ag is 0.128 nm which has larger than Ti ion leading
to the deposition of Ag particles on the TiO2 surface
as proposed in the TEM image in Figure 4.
In order to assess the ability to eliminate the organic
substance under UV and visible regions, UV-visible
absorbance spectra and estimated energy band gap
of unmodified and modified TiO2 are presented in
Figure 3. The three types of TiO2 show strong absorp-
tion of UV radiation in the range of 200–400 nm.

Unmodified TiO2 shows less absorption in the range
of the visible light region. The modified TiO2 with
ZnO reveals the shifting of absorbance spectra to the
longer wavelength region when compared to the one
without modification. Also, the spectra of TiO2-Ag-
Zr slightly shift to the higher wavelength due to the
replacement of Zr4+ in the TiO2 lattice [19, 36]. This
is in good agreement with the shifting of Ti 2p in
XPS (Figure 2b). A strong absorption during visible
irradiation in the range of 400–800 nm is observed
because of the surface plasmon resonance effect,
which is the characteristic optical property of Ag
nanoparticles [37]. The absorption spectrum shifts
towards the longer wavelength indicating the de-
crease in the energy band gap of TiO2, determined
by the Tauc plot method as presented in the inset of
Figure 3. The absorption coefficient (αhν)1/2 and
photon energy hν are plotted. The intercept on the
x-axis of the linear fit of the Tauc plot curve is the
estimated band gap [38]. It can be seen that the band
gap is reduced from 3.1 eV of unmodified TiO2 to
2.85 eV and 2.90 eV of TiO2-ZnO and TiO2-Ag-Zr,
respectively. It indicates that the modified forms of
TiO2 with ZnO nanoparticles and co-doped Ag-Zr
elements significantly reduced the band gap of pure
TiO2. Thus, the modification of TiO2 induces elec-
tron movement and enhances the oxidizing efficien-
cy in the photocatalytic process under UV and visi-
ble light irradiation.
To support the modification of TiO2, the TEM mi-
crographs of both unmodified and modified TiO2
powder are imaged and presented in Figure 4. It is
seen that the unmodified TiO2 exhibits agglomera-
tion of spherically shaped particles with a diameter
of 75–180 nm, as shown in Figure 4a. For the mod-
ified TiO2 with ZnO (Figure 4b and 4c), agglomera-
tion of ZnO nanoparticles is found around the TiO2
surface with a diameter of approximately 10–20 nm.
The modified TiO2 with co-doped Ag and Zr ele-
ments exhibited the spherical Ag nanoparticles de-
posited on the surface of TiO2 (Figure 4d and 4e).
The particle size of Ag nanoparticles is in the range
of 10–30 nm. It supports the intensity of XRD peaks
and XPS spectra as well as the surface plasmon ef-
fect in the UV-visible absorbance spectrum. Whereas
Zr elements are possibly doped into TiO2 lattice dur-
ing calcination process could not be distinguished
on TiO2 surface [39]. However, the existence and
distribution of Ag and Zr elements in the modified
TiO2 were determined using an energy dispersive
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X-ray analysis (EDX), as shown in Figure 4d–4g.
The Ag Lα and Zr Lα signals were randomly dis-
persed in TiO2-Ag-Zr particles. Modification of TiO2
by dispersing ZnO nanoparticles and co-doping with
Ag and Zr elements extended the photo-response of
TiO2 to the visible region relating a shift of absorp-
tion spectrum to longer wavelength compared to the
unmodified TiO2 as shown in Figure 3.
Based on these results, it can be summarized that
modification of TiO2 with ZnO nanoparticles and
doping Ag and Zr elements enhances the ability to
eliminate organic substances via photocatalytic
process under UV and visible light exposure. Three
types of TiO2 were added to the NR latex to prepare
the composite foam. The photocatalytic efficiency
of the composite is assessed from the degradation of
MB solution and gaseous benzene, while the rein-
forcement efficiency, air permeability, and antibac-
terial properties of TiO2-filled NR composite foam

are also examined in order to check the feasibility of
using the foam as a filter.

3.2. Photocatalytic degradability via the
photocatalytic process

Photocatalytic activity of the composite foam with
varying unmodified and modified TiO2 concentra-
tion is determined based on the degradation of MB
solution under fluorescent and UV light conditions.
The degraded MB solution is measured by a UV-vis-
ible spectrophotometer at a wavelength of 664 nm.
Figure 5 shows the photodegradation efficiencies of
the composite foams after exposure of UV light. It
is found that the degradation of dye solution is sig-
nificantly increased upon increasing the irradiation
time after adding the three types of modified TiO2.
Here, the maximum TiO2 concentration for MB
degradation measurement is noticed at 10 phr. NR
composite foams filled with 10 phr of unmodified
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Figure 4. TEM images of TiO2 (a), TiO2-ZnO (b), TiO2-Ag-Zr (c) particles and SEM-EDX image of TiO2-Ag-Zr (d) particles
through the Ti (e), Ag (f) and Zr (g) atoms detection.



TiO2 show 70% MB degradation upon exposure of
UV light for 24 h (Figure 5a). However, the incor-
poration of TiO2-ZnO and TiO2-Ag-Zr in the com-
posite foam shows more efficiency than the one with
unmodified TiO2. The addition of TiO2-ZnO pro-
vides 90% MB degradation, while TiO2-Ag-Zr ex-
hibits 85% of MB degradation on exposure to UV
light for 24 h. It has to be noted that the increase of
TiO2-ZnO content above 10 phr is not practical due
to the flocculation of foam during processing. The
presence of unmodified and modified TiO2 in the
composite foam produces electron-hole pairs (e–cb,
h+

vb) on the photocatalyst surface under UV irradia-
tion. The e–cb in the conduction band reacts with oxy-
gen (O2) to produce superoxide radicals (O2•) and

reduces to hydroxyl radical (OH•), while the h+
vb in

the valence band oxidizes with water molecules in
the aqueous solution to form OH•. The OH• species
are recognized as highly reactive radicals to degrade
organic dye compounds. In the case of TiO2-ZnO,
the nanoparticles of TiO2 and ZnO are semiconduc-
tors with a similar energy band gap, which is
enough to induce the formation of e–cb–h+

vb pairs. In
the case of TiO2-Ag-Zr, e–cb is excited to the conduc-
tion band of TiO2 before transferring to the Ag
nanoparticle, which acts as the electron trapping,
enhances the electron-hole pair separation, and pro-
duces the reactive species based on the trapping of
the electron with O2 [19]. Thus, the addition of
modified TiO2 improves the photocatalytic activity
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Figure 5. Photodegradation efficiency of the composite foams filled with TiO2, TiO2-ZnO and TiO2-Ag-Zr under UV (a)
and fluorescent (b) light for 24 h.



of NR composites in order to degrade the organic
dye substance.
The photodegradation efficiency of composite foams
to the degraded MB solution after exposure to the
fluorescent light is shown in Figure 5b. MB solution
containing composite foam filled with unmodified
TiO2 shows a small change in the efficiency upon in-
creasing the irradiation time. In addition, an increase
in the amount of unmodified TiO2 to 10 phr displays
optimum degradation of MB solution of 20% upon
the exposure of fluorescent light for 24 h. It indicates
that the wide energy band gap of TiO2 at 3.10 eV is
not sufficient to produce oxidizing agent in the pho-
tocatalytic process under visible irradiation. In con-
trast, the NR foams incorporated with TiO2-ZnO and
TiO2-Ag-Zr reduce the MB concentration by in-
creasing the irradiation time. Also, the efficiency is
increased with increasing photocatalyst concentra-
tion to 10 phr. These results prove that the modifi-
cation of TiO2 enhanced the photocatalytic activity
of the composite under the visible light region. How-
ever, two types of modified TiO2 show different pho-
todegradation degrees due to the difference in band
gap structures. The NR composite foam filled with
TiO2-ZnO exhibits higher photodegradation than
that of TiO2-Ag-Zr. The addition of 10 phr TiO2-
ZnO reduces the MB concentration up to 70%, while
the foam incorporated with of TiO2-Ag-Zr shows
60% after exposure to fluorescent light for 24 h. Ac-
cording to the results, modified TiO2 has strong ef-
ficiency in degrading well the organic dye substances
under visible light, and it can be described with the
help of the proposed model as shown in Figure 6. In
the case of TiO2-ZnO, generally TiO2 (Eg = 3.10 eV)
and ZnO (Eg = 3.26 eV) [40] are having similar en-
ergy band gap, leading to their efficiencies to excite
the electron under UV light. However, the ZnO nano -
particles deposited on the TiO2 surface form hetero-
junctions is an advantage for the excitation of charges
under visible light as shown in Figure 6a. When it is
exposed to visible light, e–cb of the lower energy gap
of TiO2 will be excited to the interface of the con-
duction band of ZnO. Then, the e–cb in the conduction
band of ZnO also transfers to the conduction band
of TiO2, while h+

vb in the valence band of TiO2 moves
to the valence band of ZnO [41]. These behaviors
promoted the decrease of the energy band gap, pre-
vented the e–cb and h+

vb recombination, and increased
the lifetime of the charge carrier by enhancing the re-
action between reactive hydroxyl radicals and organic

dye molecules. This mechanism indicates that a
greater number of reactive species is found under
UV irradiation from both TiO2 and ZnO, relating to
the higher degradation of MB solution when com-
pared to the case of visible light. However, the mod-
ification of TiO2-ZnO improves the photocatalytic
activity under visible light, while the one with un-
modified TiO2 shows low activity. The foam with
TiO2-Ag-Zr, provides synergistic effects as seen in
the improved photocatalytic reaction, as shown in
the proposed model (Figure 6b). Doping of Zr ele-
ment in TiO2 lattice reduces the energy band gap of
TiO2, leading to the ease of e–cb excitation from the
valence band to conduction band. The functional Ag
nanoparticles deposited on the TiO2 surface act as a
surface trap that captures the electron transferring
from the conduction band of TiO2 [42]. In addition,
the surface plasmon resonance characteristics of Ag
nanoparticles facilitate to creation charge carrier under
the visible region [43]. The e–cb generated from Ag
nanoparticles can transfer to the conduction band of
TiO2 [19]. The movement of e–cb from TiO2 and Ag
nanoparticles assists retarding the electron-hole re-
combination. The reaction of hvb+ in the valence
band with H2O and e–cb with O2 under visible condi-
tions induces the creation of a strong reactive radical
of OH• species, resulting in considerable degradation
of MB organic dye. The possible mechanism of OH•
with MB solution is also proposed in Figure 6c. The
three possibilities of MB degradation are generated
through N-demethylation (Figure 6(i)), cleavage of
thiazine group (–C=N- and –C=S-bonds) (Figure 6(ii))
and additional reaction of hydroxyl (–OH) and car-
bonyl (C=O) groups (Figure 6(iii)) [44, 45].
To express the photocatalytic ability of the foam, the
kinetics of the photocatalytic degradation rate of MB
solution is based on the Langmuir Hinshelwood ki-
netics [46] using Equation (3):

(3)

where C0 and C are the initial concentration and the
concentration during measurement, k is the pseudo-
first-order rate constant obtained from the slope of
ln(C0/C) versus irradiation time (t) plots.
Variations of the calculated photocatalytic degrada-
tion rates of the composite foam under UV and vis-
ible light conditions are summarized in Table 2. The
rate constants for degrading MB by the composite
foam filled with three different types of TiO2 are

ln C
C

kt
0 =
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found to be increased upon increasing the concen-
tration of TiO2 up to 10 phr under both UV and vis-
ible light. Above 10 phr, the rate constants (k) are de-
creased due to the agglomeration of TiO2 in the
composite. In case of different TiO2, the foam with

10 phr of TiO2-ZnO exhibits higher rate constants
than that of unmodified TiO2 and TiO2-Ag-Zr for ap-
proximately 2.0 and 1.3 times, respectively. This is
due to the strong activation to generate the reactive
species under UV irradiation in both TiO2 and ZnO
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Figure 6. Proposed mechanism of the photocatalytic reaction of TiO2-ZnO (a), TiO2-Ag-Zr (b) and proposed mechanisms
of the photocatalytic reaction (c) for degradation of MB under visible irradiation.

Table 2. The rate constants of MB degradation of the composite foams with various concentrations of TiO2, TiO2-ZnO and
TiO2-Ag-Zr under UV and fluorescent conditions.

TiO2 contents
[phr]

Kinetic constant, k·10–2

[h–1]
UV light Fluorescent light

TiO2 TiO2-ZnO TiO2-Ag-Zr TiO2 TiO2-ZnO TiO2-Ag-Zr
0 1.96 1.96 1.96 0.48 0.48 0.48
5 3.33 9.33 6.40 0.66 3.73 2.27

10 5.59 10.75 8.44 1.14 5.16 4.18
15 4.75 – 8.36 1.01 – 4.05
20 4.24 – 7.40 0.90 – 4.28



nanoparticles, leading to the move e–
cb- and h+vb of

each semiconductor to others, resulting in the de-
crease of e–

cb–h+vb pair recombination. For the case of
TiO2-Ag-Zr, the e–

cb in the valence band of TiO2 is
excited to the conduction band before transferring
to the Ag nanoparticles, which act as the electron
accepter for enhancing the charge separation. How-
ever, in the case of unmodified TiO2, the lowest rate
constant is observed when compared to the modified
TiO2. This is attributed to the broad energy band gap
that easily generates e–

cb–h+vb recombination by reduc-
ing the reactive hydroxyl radicals to react with MB
molecules. In addition, in the case of the measure-
ment under the fluoresce condition, the modified
TiO2 exhibited a rate constant for degrading MB at
approximately 4–5 times greater than the unmodi-
fied TiO2. It indicates that the visible region of un-
modified TiO2 does not have enough energy to sup-
port the excitation of charge carriers within the
particle and causes a limitation of photocatalytic gen-
eration. Considering the results under the different
light source conditions, the foam with modified TiO2
under the UV light showed higher rate constants than
the visible irradiation by approximately two times.
It means that the higher energy of a photon in the
UV region provides a greater degree of reactive rad-
icals of OH• that is favorable for photocatalytic re-
action. It corresponds to the faster degradation rate
of MB by the composite relative to the one testing
under fluorescent conditions. In the case of unmod-
ified TiO2, the photocatalytic reaction is activated
under UV light, but it shows an inactive behavior
upon exposure under visible conditions. These re-
sults indicate that the composite foam filled with
modified TiO2 strongly extends the range of photo-
catalytic activity under UV and visible ranges.
To consider the performance of composite foam to
degrade organic compounds in the gaseous phase,
benzene gas degradation via the photocatalytic
process is investigated under visible light by using a
LED lamp as a light source. The composite foams
filled with 10 phr of unmodified and modified TiO2
showed the optimum MB degradation, and these
foams were selected to assess benzene degradation
at an initial concentration of 100 ppm. Figure 7a
shows the adsorption and degradation of benzene gas
by the foam through the photocatalytic process under
visible light. Benzene gas is absorbed into the NR
foam until it reaches an equilibrium adsorption state
for approximately 4 h in darkness. The microporous

structure of the composite foam induces the inter-
molecular force of attraction between benzene and
NR molecules through physisorption. Under visible
light, the benzene gas concentration is found to be
decreased continuously upon increasing the irradia-
tion time, especially in the composite foam filled
with modified TiO2. Although the foam filled with
unmodified TiO2 shows benzene adsorption, it has
not performed photocatalytic action. It proves the oc-
currence of photocatalytic degradation reaction of
modified TiO2. Excitation of e–

cb in modified TiO2
structure induces the generation of strong reactive
OH• radicals that transfer to the bound rubber layer
and degrades the benzene molecules. The possibili-
ties of degrading benzene are through the reaction
between OH• and benzene to generate phenol before
producing 1,4-benzoquinone, hydroquinone, and cat-
echol forms [47]. Also, the ring opening of phenol is
the main reason for producing malonaldehyde form
[48], as shown in the proposed model (Figure 7a).
The improved photocatalytic activity to degrade ben-
zene gas under visible light of modified TiO2 can be
attributed to the narrow energy band gap and also en-
hanced the charge transferring that corresponded to
UV-visible absorption as already shown in Figure 3.
It is also found that the use of TiO2-ZnO shows high-
er photocatalytic activity than TiO2-Ag-Zr. It is re-
lated to the kinetics of the degradation rate of the
composites, as shown in Table 3. It can be seen that
TiO2-ZnO has higher rate constants than the one
with TiO2-Ag-Zr, approximately 2.0 times. This is
attributed to the heterojunction form of TiO2 and
ZnO nanoparticles expected to lower the e–

cb–h+vb re-
combination that enormously produced the reactive
hydroxyl radicals to react with benzene molecules.
The well gaseous adsorption of the composite foam
is due to the open-cell structure that consists of small
pores and large surface area to act as an adsorbent in
the composites foam, as shown in the degree of dis-
persion of the elements inside the NR matrix based
on the SEM-EDX analysis (Figure 7b). The result
shows a slight change in the dispersion of elements
inside the foam matrix. Unmodified and modified
TiO2 show uniform dispersion inside the foam. Fur-
thermore, it is noted that Zn atoms are presented ex-
isted in all the specimens due to the presence of ZnO
white seal as it has been used to activate the vulcan-
ization process. The uniform dispersion of Ti elements
in the foam filled with unmodified TiO2 (Figure 7b)
activates the photocatalytic process under UV
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irradiation, but it is found to be inactive in visible ir-
radiation as seen in the degradation of MB (Figure 5)
and benzene molecules (Figure 7a). In the case of
the composite foam filled with modified TiO2, Ti and
Ag elements can be seen in TiO2-Ag-Zr particles,
while strongly packed Zn atoms due to the deposi-
tion of ZnO nanoparticles on the TiO2 surface are
observed in the foam filled with TiO2-ZnO. The uni-
form dispersion of modified TiO2 in the foam gen-
erates e–

cb–h+vb pairs and charge transfers to the foam
surface by enhancing the efficiency of degrading or-
ganic compounds in liquid and gaseous forms under
both UV and visible conditions.

3.3. Mechanical properties of the composite
foam

The reinforcement efficiency of unmodified and
modified TiO2 in the NR foam is determined based on
the mechanical properties in terms of stress-strain di-
agram, modulus at 100% elongation, tensile strength,
and elongation at break, as shown in Figure 8 and
Table 4. From the stress-strain curves shown in
Figure 8a, deformation resistance due to the filler-

reinforced NR matrix and the existence of strain-in-
duced crystallization as indicated by the straight line
of the plots [49]. The addition of all types of TiO2
considerably increases the moduli at 100% elonga-
tion, Young’s moduli, and tensile strengths of the
foam. Also, the toughness of the foam estimated from
the area under the stress-strain curve is increased
upon filler reinforcement, whereas the elongation at
beak is decreased due to the hindering of NR molec-
ular chain mobility based on bound rubber absorp-
tion onto the TiO2 surface. The optimum value of ten-
sile strength and estimated toughness are observed
at 10 phr for TiO2 and TiO2-ZnO, while the optimum
is observed at 15 phr in the case of TiO2-Ag-Zr. Be-
yond these concentrations, tensile properties are sig-
nificantly lowered due to the agglomeration of fillers
inside the NR matrix, leading to poor filler-rubber
interaction and reducing the filler reinforcement ef-
fect [50]. This region of agglomeration initiates the
breaking point and is easy to break during extension,
thus, the foam exhibits less deformation resistance,
and the crack propagates rapidly. Among the foams
of TiO2 (Figure 10b and Table 4), there are no sig-
nificant differences in 100% and Young’s moduli of
the composite foam, while the values of tensile
strength, elongation at break and estimated tough-
ness can be distinguished. As expected, the foam
filled with TiO2-Ag-Zr shows higher values of such
properties compared to others. This is attributed to
the small particle size with a high surface area for
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Table 3. Rate constants of benzene degradation of the com-
posite foam under visible irradiation.

NR composite types Kinetic constant, k·10–2

[h–1]
NR/TiO2 0.02
NR/TiO2-ZnO 0.99
NR/TiO2-Ag-Zr 0.45

Figure 7. Adsorption and photocatalytic degradation of benzene gas by the composite foams under dark and visible irradiation
conditions (a) and SEM-EDX images of the composite foams filled with 10 phr of TiO2, TiO2-ZnO, and TiO2-Ag-
Zr (b).



interacting with NR molecules of the filler, as shown
in the TEM images (Figure 4). Therefore, the inter-
action between filler-rubber is effectively increased
and resists the deformation of foam under stress.
The reinforcement efficiency of three types of TiO2
in NR composite foam can be explained by the
arrangement of the NR molecular chain during

extension through the Mooney-Rivlin fitting with
stress-strain behavior using Equation (4) [51]:

(4)

where σ*(λ) is the reduced engineering stress, σ(λ) is
the engineering stress, C1 and C2 are the characteristic
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Table 4. Young’s modulus and toughness of the composite foams filled with TiO2, TiO2-ZnO, TiO2-Ag-Zr.

TiO2 content
[phr]

Young’s modulus
[MPa]

Toughness
[J/m3]

TiO2 TiO2-ZnO TiO2-Ag-Zr TiO2 TiO2-ZnO TiO2-Ag-Zr
0 0.0018 0.0018 0.0018 54.28 54.28 54.28
5 0.0024 0.0025 0.0024 55.41 55.49 78.58

10 0.0025 0.0026 0.0026 63.36 59.97 91.90
15 0.0023 N/A 0.0025 46.83 N/A 91.01
20 0.0023 N/A 0.0023 40.49 N/A 67.03

Figure 8. Stress-strain curves of the composite foams filled with TiO2, TiO2-ZnO, TiO2-Ag-Zr (a) and the observed 100%
modulus, tensile strength and elongation at break of the composite foams (b).



constants of network chains determined from the in-
tercept and the slope of the curves, respectively. The
extension ratio λ is denoted as λ = 1 + ε, where ε is
the engineering strain. The plots of reduced stress
(σ*(λ)) versus extension ratio (1/λ) of the composite
foam filled with TiO2, TiO2-ZnO, and TiO2-Ag-Zr
with different loadings are shown in Figure 9. The
chemical and physical interactions of the foam are
elucidated from the observed values of C1 as the Y-in-
tercept and C2 is obtained from the slope of the linear
fit. Here, C1 refers to the chemical interaction (i.e.
crosslink density), and C2 is related to the physical in-
teraction (molecular chain entanglement, physical ab-
sorption) [52, 53]. According to the incorporation of
TiO2, C2 exhibited higher values than C1. It clarifies
that most of the NR molecules well interact with the
filler surface through physical chain entanglement
based on their intermolecular chain attraction. The C2
value is increased upon the addition of 10–15 phr of
each TiO2 loading. This correlates well with the in-
creased 100% and Young’s moduli of the foam. It
means that the proper addition of TiO2 with better dis-
persion in the foam enhanced the reinforcement de-
gree of filler to the rubber matrix. In Figure 9, it is
clearly seen that the TiO2 loading over 15 phr lowers
the C2 values due to the agglomeration of filler parti-
cles in the NR matrix. On comparing the composite
foam with three types of TiO2, the C2 values do not
show a significant difference that is related to 100%
and Young’s moduli as shown in Figure 8 and Table 4.

3.4. Antibacterial property of the composite
foam

The antibacterial ability of the composite foams in-
corporated with TiO2, TiO2-ZnO and TiO2-Ag-Zr is
investigated using Escherichia coli (E. coli) as a rep-
resentative of gram-negative bacteria through the in-
hibition zone test, as shown in Figure 10. Also, the
observed diameter of the clear zone is listed in
Table 5. Here, the negative control sample is the
foam without TiO2 and ZnO particles and it clearly
shows that there is no inhibition zone. Hence, the
pure foam could not perform as antibacterial mate-
rial. On the other hand, the inhibition zones are clear-
ly demonstrated in cases of the composite foams
filled with TiO2, TiO2-ZnO and TiO2-Ag-Zr. It
should be noted that the antibacterial properties of
the foam with TiO2 is attributed to the existence of
ZnO (official ZnO grade, namely white seal ZnO).
According to our previous work [54]. It is found that
the ZnO has good antibacterial properties, which are
directly related to its surface areas. This means that
the use of ZnO nanoparticles in TiO2-ZnO and TiO2-
Ag-Zr might provide superior bacterial killing ability
under the controlled time. Thus, it is clearly seen in
Figure 10 and Table 5 that the composite foam filled
with unmodified TiO2 showed a larger inhibition
zone than the one with unfilled TiO2, but it exhibits
much smaller zones than that of modified TiO2. In
the case of TiO2-ZnO, the antibacterial activity has
taken place by creating reactive oxygen species
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Figure 9. Reduced stress versus reciprocal extension ratio (1/λ) of the composite foams filled with TiO2 (a), TiO2-ZnO (b),
TiO2-Ag-Zr (c), in the inserted figures C1 is the Y-intercept and C2 is slope of the linear fit. 



(ROS) i.e. *OH, *OOH, *O2
– and H2O2, as well as the

zinc(II) ions (Zn2+) to disrupt the bacterial cell mem-
brane [55]. The formation of ROS species on the
filler surface is contributed to the photocatalytic re-
action, as proposed in Figure 6a. Under the illumi-
nation of light, the e–

cb, h+vb pairs are originated based
on the transition of e– from the valence band to the
conduction band. h+vb in the valence band oxidizes
moisture to form hydroxyl radical (*OH), while e–

cb
in the conduction band reacts with the oxygen and
creates superoxide radicals (*O2

–) before reacting
with H+. Further, it forms peroxy radical (*HOO) and
hydrogen peroxide (H2O2), and finally reduces itself

to OH*. Among the ROS species, *OH and H2O2 are
able to penetrate the bacterial membrane [56], while
the negative charges of *O2

– do not penetrate through
the strongly negative charges of the E. coli cell wall
[57]. This means that the *OH plays an important
role in the antibacterial properties of penetrating into
the outer membrane, oxidizing membrane fatty acid,
lipid, and protein, and also it damages the DNA [58].
Damage and penetration of intracellular components
finally lead to cell death. Zn2+ ions are another im-
portant factor that effectively inactivated the bacteria.
Here, the Zn2+ ions are penetrated into the cell mem-
brane and disrupt DNA on the cellular of bacteria by
inhibiting the transportation along with the amino
acid metabolism and disturbing the enzyme system,
also resulting in the bacteria cell death [59], as
shown in the proposed model (Figure 11). It clearly
explains the increased inhibition zone of the foam
with various ZnO loadings. In the case of the foam
filled with TiO2-Ag-Zr, the inhibition zone of the
composite increases upon increasing TiO2-Ag-Zr to
10 phr. This results in the release of Ag ions (Ag+)
from Ag nanoparticles. The positive charges of Ag+

ions have a strong electrostatic interaction with the
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Figure 10. The qualitative antibacterial activity against gram-negative E. coli of the composite foam filled with TiO2, TiO2-
ZnO and TiO2-Ag-Zr at loading at 5 phr (a), 10 phr (b), 15 phr (c) and 20 phr (d).

Table 5. Diameter of inhibition zone of the composite foam
filled with TiO2, TiO2-ZnO, TiO2-Ag-Zr.

TiO2 content
[phr]

Inhibition zone
[cm]

TiO2 TiO2-ZnO TiO2-Ag-Zr
0 1.75±0.10 1.75±0.10 1.75±0.10
5 1.80±0.11 2.10±0.10 1.85±0.05

10 1.85±0.05 2.25±0.16 1.95±0.09
15 1.85±0.09 – 1.90±0.08
20 1.85±0.05 – 1.95±0.05



negative charges of the gram-negative bacterium
E. coli. The Ag+ ions are penetrated into the cell wall
and interact with the protein, lipid, DNA, and other
biomolecules resulting in the leakage of cellular
components and led to inhibit cell multiplication
[60]. In addition, the excitation of e–

cb in the Ag
nanoparticles and transfer of its electron to Zr doped-
TiO2 induce the creation of ROS species from the
photocatalytic reaction, as shown in the proposed
model (Figure 6b). Such ROS damages the cell
membrane and other components, leading to cell
death. On comparing the types of modified TiO2, the
optimal concentration of TiO2-ZnO and TiO2-Ag-Zr
to inhibit the growth of bacteria cells at 10 phr is
comparable with the degradation of MB solution
(Figure 5). The incorporation of TiO2-ZnO shows
the clear zone with large diameter than TiO2-Ag-Zr,
indicating the strong release of the produced ROS
and Zn2+ against the E. coli growth. In addition, the
amount of Zn2+ ions of TiO2-ZnO is higher than Ag+

ions, as seen in the XPS spectra (Figure 2a), which
exhibits higher antibacterial activity. Therefore, the
generation of ROS species through photocatalytic
and releasing of metal ions can move across the thin

rubber film by electrostatic force [54] that is suffi-
cient for the degradation of the dye solution and de-
stroy the bacterial cell membrane.

3.5. Air flowability through the complex
composite foam structures

Since the incorporation of modified TiO2 has strong-
ly affected the intrinsic properties of NR foam in
terms of dye degradation, gaseous benzene elimina-
tion, elastic properties, and antibacterial activity, in
order to explain the foam structure, the air flowabil-
ity is examined relative to other commercial foams,
as seen in Table 6. It is seen that each foam shows
significant differences in its behavior, but the devel-
oped composite foams showed lower air permeable
values than the commercial foams. This is con-
tributed by the complex rubber-foam structure,
which retards the air movement through the material.
Thus, the pollution trapping of the foam is conse-
quently increased. Among the composites foams
filled with unmodified and modified TiO2, the foam
with TiO2-ZnO exhibited the lowest air permeability,
which correlated well to the presented results based
on benzene and bacteria trapping, removing, and
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Figure 11. Proposed model of antibacterial mechanism of composite foam filled with modified TiO2.



eliminating. As the received results, it is seen that
the key factor for designing the specific composites
foams properties is the intrinsic foam structures so
that the engineering simulation of the air flowability
is then considered.
From the high-resolution μCT, the 2D images of the
NR foams samples are converted to 3D object and
the example is shown in Figure 12. With the simu-
lation, the reconstructed object is used to determine
the volume fraction of the sample by comparing the
volume of material with the exterior volume. There-
fore, the relative density (ρ*) can be calculated by
using Equation (5) where Vfoam is the volume of the
foam and Vunit is the volume of the cubic cell:

(5)

Figure 12 show the μCT images and the ρ* values of
the NR composites foams with and without various
TiO2. It is clearly seen that the addition of unmodi-
fied TiO2 does not change the relative density of the
foam significantly. On the other hand, the incorpo-
ration of TiO2-ZnO and TiO2-Ag-Zr effectively de-
creases the ρ* values by approximately 30%. It
means that the addition of reinforcements with
smaller particle sizes restricts the movement of NR
molecular chains by increasing the physical interac-
tion. This is well-known in the field of rubber as the
bound rubber absorption (see in the inserted image
of Figure 12). With this phenomenon, the porosity
of the foam is found to be larger compared to the one
without filler and with unmodified TiO2, which do
not reinforce much in the NR matrix. It correlates
well with the tensile properties, VOC absorption and
antibacterial ability of the composite foam that in-
creases by minimizing the size of TiO2 particles.
However, although the ρ* values of NR/TiO2-ZnO
and NR/TiO2-Ag-Zr exhibited no significant differ-
ences, the void morphologies of both the composite
foams are noticeably different. It is seen that the
NR/TiO2-ZnO exhibited a larger pore size than those
of NR/TiO2-Ag-Zr. Thus, it is expected that, the fluid
permeabilities of both structures are unidentical.
Based on the μCT images, the geometrical architec-
tures of porous materials are simulated from the
computational fluid dynamics (CFD) by relating the

V
V*

unit

foamt =
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Table 6. Air permeability of composite foam filled with
TiO2, TiO2-ZnO, and TiO2-Ag-Zr comparative with
the commercial masks.

Material types Air permeability
[l/min]

NR foam 30.1±1.8
NR/TiO2 foam 22.0±0.8
NR/TiO2-ZnO foam 12.5±0.2
NR/TiO2-Ag-Zr foam 15.7±0.3
Surgical mask 22.7±0.4
Fabric mask 77.0±2.0
PU foam 104.0±0.80

Figure 12. The 3D geometries and relative densities of composite foam filled with modified TiO2.



effect of morphologies on the flow [61, 62]. It is
known that the CFD analysis enables the simulation
of fluid flowing through the foams. It is closely re-
lated to observing the influence of foam architec-
tures on flow behaviors. To obtain the flow behavior
numerically, the Navier-Stokes equation formulated
based on the conservation of mass and momentum
as shown in Equations (5) and (6), needs to be
solved via computational evaluation. In addition,
Figure 13a illustrates the CFD computational do-
main, which consists of the air channel and compos-
ite foams. When the air flows along the y-axis, the
driving force from the pressure difference is im-
posed at both ends of the flow domain. Thus, it can
be seen that the foam size of 2 mm is smaller than
the actual foam used in experiments. The reasons
for small domains adopted in the CFD analysis are
as follows,
 (i)  Rubber foam, as seen in Figure 13a exhibits a

few features. Thus, the large foam for CFD
analysis is strictly limited by the available com-
putational resources.

(ii)  A small foam domain could be considered as the
representative volume element (RVE) domain,
which is assumed to represent the behavior of
larger foam.

A similar idea has been adopted by the material sci-
ence community when microstructural features
noticeably impact the physical behavior at the
macro-level [63]. Once the simulated flow fields are
obtained, the fluid permeability (k) can be calculated
using Darcy’s law, as shown in Equation (7) [64].
Based on Equation (7), the samples with higher per-
meability imply greater mass transport through the
structures (Equations (6)–(8)):

, (6)

(7)

(8)

where A is the cross-sectional area of a fluid domain,
L and p are the unit cell size and pressure, Q and t
refer to the flow rate and time consumption. Also, 
and µ are the velocity vector and dynamic viscosity,

is the partial derivative, x, y, z are the spatial co-
ordinates, ρ and ρ* are the density and relative den-
sity, respectively.
Thus, corresponding to the CFD simulation and cal-
culation of Equations (6) and (7), the simulated flow
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Figure 13. 3D structural scanning (a) and simulated flow profiles sectioned along the mid-plane of 3D models (b) and SEM
images of the composite foams (c) filled with modified TiO2.



profiles are sectioned along the mid-plane of 3D
models, as shown in Figure 13b. It is clearly seen
that the air flowing through each composite foam is
established relating to the air velocity. It is found that
the air flow has not entirely related to the calculated
ρ* values. This is due to the porous nature of NR
foam as it has not only formed circular shapes of the
closed-cell, but it is opened-cell foam with connect-
ed porous regions. It means that the value of ρ* of
the foam does not have difficulty in air flowing. With
the complex structures, NR and NR/TiO2-Ag-Zr com-
posite foams exhibited poor air flow, whereas smooth
air flow is observed in the NR composite foam with
TiO2-ZnO even though the same pressure is applied.
This correlates well with the morphologies of the
composite foams, as seen in Figure 13c. NR/TiO2-
ZnO foam showed larger opened cells that are well
connected with each other. It clearly supports the
highest gaseous benzene elimination and absorption
together with antibacterial properties of the compos-
ites foam, as seen in Figure 7 and 10, respectively.
According to the simulated flow profiles, Darcian
permeabilities are calculated based on both experi-
ments and numerical simulation, as seen in Table 7
by using Equation (8) and compared with the pre-
dicted Darcian permeabilities by Poltue et al. [61].
The authors performed a numerical prediction of

permeabilities for six different porous structures. Re-
sults were clearly shown the dependency on both rel-
ative density and interconnect structures. Figure 14
showed the upper and lower bounds of Darcian per-
meabilities from Poltue et al. [61]. Also, the results
from the present work are mapped and compared. It
is noted that Figure 14 shows a noticeable deviation
between experiments and numerical results, which
can be attributed to various factors, such as stochas-
ticity aspects of the different foams, geometrical de-
viation from the resolution of μCT, or deviation con-
tributed from the 3D reconstruction process. Ap-
proximately a difference of 1 order of magnitude in
the k values is observed upon comparing the results
based on experimental (kexp.) and prediction (kpred.).
This is generally related to the unidentified porous
shapes of NR foam and, therefore, the values of kpred.
is found to be lowered, and it is assumed that all the
pores have spherical shapes. In addition, the trend of
k is slightly changed since the kexp. of NR/TiO2-
ZnO and NR/TiO2-Ag-Zr are slightly lower than the
NR and NR/TiO2 foams. Also, it is clearly seen that
the kexp. of the composite foams with modified TiO2
are out of the prediction of Poltue et al. [61] (see as
the light-red area in Figure 14). As expected, it is re-
lated to the complex porous structures of NR foam
after the addition of the reinforcing filler. It is well
suggested that the flow ability and breathability are
primarily controlled by the thickness of foams. With
this foam designing, it tends to lower the bound and
the structural stochasticity of foam exhibits adverse
effects on fluid permeabilities, which can be applied
in the manufacturing of filtered masks.

4. Conclusions
NR composite foams filled with unmodified and
modified TiO2 with ZnO nanoparticle and Ag-Zr
doping were carefully prepared following the latex
processes in order to investigate the possibility of the
foam for use as the filter application. Photocatalytic
activity of the foam was controlled by the types and
contents of the additional fillers. The results showed
that the foam with modified TiO2 lowered the band
gap energy from 3.10 to 2.85–2.90 eV for the cases
of TiO2-ZnO and TiO2-Ag-Zr. This allows photocat-
alytic propagation of the foam under both UV and
visible lights. This also effectively causes the absorp-
tion of gaseous benzene due to the large production
of reactive radicals to eliminate the organic sub-
stance. The mechanical properties of the foams
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Table 7. Darcian permeability of different foams obtained
from experiment and numerical modeling.

Samples Experimental k, kexp.
[m2]

Predicted k, kpred.
[m2]

NR 5.43·10–11 1.12·10–10

NR/TiO2 3.80·10–11 1.11·10–10

NR/TiO2-ZnO 3.30·10–11 2.54·10–10

NR/TiO2-Ag-Zr 2.27·10–11 1.70·10–10

Figure 14. Darcian permeability from experiment and nu-
merical modeling based on Equation (8).



showed optimal Young’s modulus, tensile strength,
and toughness at 10 phr TiO2 and TiO2-ZnO and at
15 phr TiO2-Ag-Zr. Significant reduction in tensile
properties was observed when filler contents had in-
creased owing to filler agglomeration. Along with
solvent absorption, the inhibition of the foam against
the gram-negative E.coli was investigated. It was
found that the NR composite foams with both TiO2-
ZnO and TiO2-Ag-Zr exhibited a clear inhibition
zone due to the killing of bacteria based on the for-
mation of ROS radicals together with and releasing
of metal ions of Zn2+ or Ag+ to disrupt the bacterial
cell structure. Thus, with the unique properties of
foam, the air permeability with a proposed thickness
of the foam was examined through engineering sim-
ulation. The porous size and shapes were simulated,
and the k value was evaluated relating to other cubic
cell which had fixed pore sizes and shapes. The eval-
uation represented that the foam had the ability to
filtrate and can be categorized as low-bounds opened-
cell foam. Therefore, the proposed NR composite
foam showed suitable properties for applying as the
filter application with unique properties of gaseous
benzene elimination and absorption and antibacterial
properties. It provides a new platform for using NR
foam, which can be aimed for several filter applica-
tions, particularly for the petrol station, construction,
oil refinery and other protective zones.
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