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for photocatalytic purification applications
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Abstract We describe production and photocatalytic
properties of a material based on polydimethylsiloxane
(PDMS) as a carrier substrate coated with microparticles of zinc oxide (ZnO). The ZnO microparticles are
fabricated by our original hydrothermal method and
intentionally have a defect structure. According to our
understanding, this peculiar defect structure contributes to the greatly enhanced photocatalytic properties of the ZnO material. The resulting photocatalyst
demonstrates high activity under visible light (410 nm)
in the process of phenol degradation in water solution,
while generally ZnO is inactive below the UV range.
In addition, we compare the photocatalytic activity of
our ZnO/PDMS composite to that of the same ZnO
powder suspension in a similar setup. We find that the
same activity is achieved by three orders of magnitude
smaller amount of ZnO in our composite compared to
the powder suspension. The ZnO/PDMS interface
exhibits sufficiently strong bonding for stable operation
that is ensured during material production. The
obtained photocatalytic material preserves the transparency of PDMS due to the low amount of attached
ZnO (about 0.1% by mass). The transparency of the
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photocatalytic ZnO/PDMS material enables easy performance upgrades by constructing multilayer or manifold fluid treatment devices.
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Introduction
Water pollution is a serious problem tightly related to
industrial activities and extensive use of synthetic
materials worldwide. Phenolic compounds are among
the chemicals of major concern in this regard.1 Phenol
is an important industrial chemical produced on a large
scale from petroleum and is widely used as a precursor
to many important materials.2 At the same time,
phenolic compounds have been enlisted by the United
States Environmental Protection Agency (US EPA)
and the European Union (EU) as pollutants of priority
concern and noted to be toxic causing severe short- and
long-term effects in humans and animals.3,4 In particular, phenol and its vapors are corrosive to the eyes,
the skin, and the respiratory tract, and they can cause
systemic poisoning and harmful effects to the central
nervous system and heart, resulting in dysrhythmia,
seizures, and coma.2,5–7 Long-term or repeated exposure of the substance may have harmful effects on the
liver and kidneys.8
Among the methods of purification of wastewater
from toxic organic substances, photocatalysis is an
attractive technology that while being environmentally
friendly demonstrates high efficiency in degradation of
various organic pollutants9 including phenols10,11 without formation of toxic byproducts. Unlike other
advanced oxidation processes (AOP), photocatalysis
may utilize solar light as an energy source to initiate
the degradation.
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Photocatalysis is based on interaction between
semiconducting material, photons, and molecules of
pollutants. If the photon energy is higher than the
width of the band gap, electrons and holes from
valence band move to conduction band, and then
chemical oxidation of organic molecules takes place.
Properties of semiconductor materials, such as a
chemical composition, crystal structure, particle
size,12–14 defect state,15–17 and shape, influence the
band structure. At the present time, several photocatalytic materials are known including TiO2,9,11,18
ZrO2,19 CuO,20–24 and SnO2.25 Many of them have
low toxicity, but a wide band gap (3.2–3.4 eV) prevents
applications under visible (Vis) light that are possible
when the width of the band gap is below 3 eV.
Fabrication of low-toxic photocatalysts active under
Vis light is implemented by doping with metal atoms26
or by modification of defect states.16,27,28
In this work, we describe the production of a
photocatalytic device operating in the Vis range built
with ZnO particles deposited on the surface of polydimethylsiloxane (PDMS) as a carrier. To achieve this
effect, we employ enhanced photocatalytic characteristics of ZnO with specific dislocation structure produced by our original and recently patented method.29
Such modified ZnO in powder form demonstrated high
efficiency in phenol degradation under stimulated solar
light that contained both Vis and UV radiation.30 In
the present work, we compare the efficiency of ZnO/
PDMS composite to that of ZnO in the form of
a particle suspension. The choice of materials is conditioned by several important criteria. Zinc oxide
belongs to photocatalysts with low toxicity and can
display oxidation activity under Vis light due to
a certain defect structure.12–14 Moreover, ZnO particles display prominent antibacterial properties31,32 that
should protect a photocatalytic device from biofouling.
PDMS-based composites gained increased attention in
recent years,33 for efficiency in immobilization of
photocatalysts34,35 and transparency both in UV and
Vis range.

Experimental
The main stages of the preparation and operation of
the ZnO/PDMS photocatalytic device are schematically shown in Fig. 1.

each sample of 10 g. Zinc oxide particles were fabricated by our original hydrothermal method consisting
of decomposition of zinc hydroxide in a solution of
water and ethylene glycol (see reference (29) for
details). PDMS-ZnO composite was created by
depositing ZnO particles onto the PDMS sample
mechanically. Excess ZnO was removed by treating
samples in an ultrasonic bath for 10 min.
Characterization
The materials used in production were investigated by
several methods. Shape and size of obtained particles
and surface of PDMS-ZnO samples were studied with
scanning electron microscope (SEM) (Carl Zeiss
Sigma, Germany). UV/Vis absorption spectra of
ZnO/PDMS samples were measured with Promecolab
PE-5400 UV spectrophotometer (Russia). Structure
studies of ZnO were realized with X-ray diffraction,
Shimadzu XRD 7000 (Japan). Elemental composition
of samples was analyzed with EDX-8000 EnergyDispersive X-ray Fluorescence Spectrometer Shimadzu (Japan). Brunauer–Emmett–Teller (BET) analysis of specific surface area was carried out with
Thermo Scientific Surfer (USA). Elemental analysis
was performed with EDX (EDX-8000 Energy-Dispersive X-ray Fluorescence Spectrometer Shimadzu,
Japan). Wetting contact angle with water was measured by the circle method.36
Photocatalytic tests
Photocatalytic activity was studied under ultraviolet
and visible light for the process of oxidation of phenol
dissolved in water. Phenol concentration was measured
with a Shimadzu RF-6000 spectrofluorophotometer (Shimadzu, Japan). Either ZnO powder or
PDMS/ZnO composite was placed in a glass flask with
water solution containing 1 ppm of phenol. Luminescent lamp (365 nm, 18 W) was used as a light source.
For Vis light tests, UV filter was added to isolate the
system from UV light and conduct the measurements
under Vis light only (Fig. 2) in the range of wavelengths from 410 nm and above.

Results and discussion
Sample preparation
Polydimethylsiloxane (PDMS) samples were prepared
using Sylgard 184 Silicone Elastomer Kit (Dow Corning, USA) that consisted of two components (base and
curing agent). The samples were obtained by mixing
the base and curing agent in the ratio of 10:1 followed
by heating at 115°C for 45 min. The samples were
cylindrical slabs of 4 cm diameter with a total mass of

According to our SEM observation and XRD diffraction, ZnO powder consisted of particles mainly in the
size range of approx. 100–400 nm (Fig. 3a) with
wurtzite structure (Fig. 3b). Average crystal size
according to our XRD data was 60 nm, meaning that
the particles consisted of few crystallites. The EDX
analysis revealed only the presence of Zn and O.
The obtained elastomers coated with ZnO particles
were optically transparent (Fig. 4a). Concentration of

Author's personal copy
J. Coat. Technol. Res.

Operation

Manufacturing
stage #1

stage #2

OH

toxic
substance
light
phenol

mechanical
depostion

particles
ZnO

ultrasonic
bath

Wash away

ZnO

ZnO
ZnO
ZnO

PDMS

strong
adhesion

(a)

ZnO

ZnO

safe
by-products

PDMS

weak
adhesion

(b)

PDMS
pass-through light

(c)

Fig. 1: Main stages of the ZnO/PDMS photocatalytic device manufacturing and exploitation: (a) deposition of ZnO particles
onto PDMS substrate, (b) removing the excess ZnO particles, and (c) photocatalytic operation
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is obtained with 1 g of free powder per liter of polluted
water, the total amount of ZnO on the surface of
PDSM-ZnO composite had to be only 0.003 g per liter
(Fig. 5a). When such small amount was tested in the
form of free powder, no considerable decomposition
was detected under Vis light. The possible explanation
for the observed activity difference between powder
and coating forms is that the fixing of photocatalysts on
a carrier prevents agglomeration of its particles that
otherwise would reduce photocatalytic activity as
shown in reference (37).
Decomposition rate under UV light was noticeably
higher, especially for the free powder form (Fig. 5). In
general, observed decomposition rate can be relatively
well approximated with exponential decay and expressed by rate constant k as follows:
C ¼ C0 ekt
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Fig. 2: Experimental cell (inset) for photocatalytic tests
with optical characteristics of the UV filter used for
measurements in the Vis range

ZnO in PDMS/ZnO composite was approx. 0.1% by
weight. We found that at concentrations higher than
0.1%, ZnO particles would not stick properly to
PDMS. Specific surface area of 9.1 ± 0.4 m2 g1 was
found for the composite by BET analysis. The presence
of ZnO on the surface of PDMS did not affect the
wettability of the material. The contact angle of water
droplet both for coated and uncoated PDMS was
98° ± 3° (Figs. 4b and 4c).
According to our photocatalytic activity tests, the
ZnO particles were active not only under UV radiation
as is generally expected for ZnO material, but also
under Vis light (Fig. 5). Moreover, we found that
under Vis light, activity of the ZnO particles in the
form of coating was well above that of a ZnO powder.
To achieve the similar phenol decomposition rate that

where k is rate constant of degradation of phenol, 1/h,
C0 is initial concentration of phenol, mol/L, C is
concentration of phenol at measuring moment, mol/L,
and t is duration of photocatalytic process until phenol
concentration value C, hour.
For Vis light (Fig. 5a), the rate constant was similar
for both forms of ZnO: kZnO = 0.052 h1 for 1 g of
ZnO powder and kPDMS/ZnO = 0.056 h1 for the ZnO/
PDMS composite. Under UV light (Fig. 5b), kZnO =
1.996, ZnO/PDMS composite kPDMS/ZnO = 0.107 h1.
We also performed additional measurements for
lower concentrations of ZnO particles. When the
amount of ZnO on PDMS was reduced five times
(from 0.1% to 0.02% by weight), the rate of phenol
oxidation under UV light decreased from 0.107 to
0.005 h1 (Figure S1 in Supporting Information).
When the concentration of ZnO powder in suspension
setup was reduced to 0.03 g/L and 0.003 g/L, the rate
constants were decreased to kZnO = 0.320 h1 and
kZnO = 0.101 h1, respectively, with the latter being
very close to that of the ZnO/PDMS composite with
0.1% concentration (See Figure S2 in Supporting
Information). These results indicate that the depen-
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Fig. 3: Microstructural analysis of ZnO photocatalyst particles: (a) SEM image and (b) XRD diffraction
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Fig. 4: Characteristics of the obtained PDMS samples: (a) general view; and contact angle of water droplets on (b) pristine
PDMS before coating, and (c) PDMS coated with ZnO particles

dence of phenol degradation on ZnO concentration is
not linear. Finding the accurate dependence requires
additional studies and lies outside the scope of the
present work. Moreover, as a checkpoint, we made
sure that pure PDMS material without ZnO particles
did not show any decomposition activity under UV
light.
We conclude that under Vis light, ZnO/PDMS
composite is significantly more effective than free
ZnO powder suspension. Moreover, attachment to
PDMS allows problems to be overcome that are typically associated with filtration of nano- and microparticles from water after photocatalysis performed with
ceramic membranes as carriers. Remarkably, due to
the very low amount of attached ZnO, ZnO/PDMS

material remained transparent, opening an opportunity
to create a multilayer photocatalytic cell, consisting of
several ZnO/PDMS composites divided by gap to
allow water flow. It should be noted that ZnO/PDMS
material described in the present work is more
suitable for the final-stage purification of wastewater
at low phenol concentration (1 ppm). At 10 ppm, the
oxidation rate decreased ten times as demonstrated in
Figure S4 in Supporting Information.
To gain a better understanding of the reasons
behind photocatalytic activity of our ZnO in Vis range,
we measured the bandgap width of the particles and
found the value of 3.21 eV. It should be appreciated
that the spectrophotometer shows the edge of absorption by the whole surface; therefore, we suppose that
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Fig. 5: Photocatalytic activity of ZnO powder and PDMS-ZnO composite in the process of phenol decomposition in water.
(a) Under Vis light and (b) under UV light. Note that the amount of ZnO in one liter was 1 g for free powder and only 0.003 g
for PDMS-ZnO composite

this value characterizes the average band gap of the
whole area. Since the photocatalysis occurred under
the 410 nm light (2.9 eV), we suppose, that due to
defects of crystal lattice, there are areas on the surface
of the particles with different band gaps. There are a
number of works describing that the defect state of
ZnO influences its photocatalytic activity under Vis
light.17,28,38
In addition, we performed the analysis of dislocation
structure by Williamson Hall X-ray analysis.39 The
dependence of tangent of Bragg angle on half-width of
X-ray reflections is linear (Figure S3 in Supporting
Information), which indicates accumulation of dislocations in grain boundaries of particles. Dislocations
create additional energy levels inside the band gap,
and accumulation of energy levels leads to the fusion
of the levels. As a result, areas with distorted crystal
lattice and decreased width of band gap appear on the
surface of the particles. The measured dislocation
density was found to be 0.18 9 1015 m1 and microstress in the particles e0 = 0.0005.
Finally, let us note on the recyclability of the
described ZnO/PDMS composite material. Despite
being nontoxic for the environment, silicone materials
have poor biodegradability. Most commonly, silicones
can be recycled at specialized private recycling plants.
Simple recycling can include cleaning or shredding into
small flakes followed by direct dispersing of the flakes
in raw silicone prepolymer before curing. More
advanced and expensive recycling routines involve
heat-assisted decomposition with silicone oil as the
possible output. Powder from simple silicone combustion could also be used for the fabrication of superhydrophobic surfaces.40 The ZnO/PDMS photocatalyst
material could be recycled in a similar manner with
ZnO in mind. After recycling with embedded ZnO, the

freshly recycled material would have slightly increased
stiffness and possibly increased hydrophobicity.33
Finally, our reported ZnO particles can be potentially
used in anticorrosive coatings41 and other applications,
as briefly discussed in the Supporting Information.

Conclusions
We tested photocatalytic activity of sub-micron (200–
400 nm) ZnO particles with a special defective structure for the process of phenol degradation in water.
ZnO particles were tested in the form of a free powder
suspension and in the form of a coating on a PDMS
carrier. It was found that when deposited on PDMS,
photocatalytic activity of ZnO was significantly higher
than that of a free powder both under UV and Vis
light. However, the effect was especially pronounced
in the Vis range. Three orders of magnitude lower
amount of ZnO was required when deposited on
PDMS to achieve the same phenol degradation rate as
in the case of ZnO powder suspension. The rate of
photocatalytic decomposition of phenol under UV
light was still higher than under Vis light, especially in
the case of the powder suspension. Notably, UV light
catalysis was found to be less sensitive to particle
agglomeration in the ZnO suspension. Due to the very
low amount of attached ZnO, ZnO/PDMS material
remained optically transparent, opening an opportunity to create a multilayer photocatalytic cell, consisting of several ZnO/PDMS composites divided by gap
to allow water flow. Our research indicates that ZnO/
PDMS composite could serve as a highly efficient
photocatalyst for water purification from organic contaminant under Vis light.
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