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Abstract: Microplastics are persistent anthropogenic pollutants which have become a global
concern owing to their widespread existence and unfamiliar threats to the environment and living
organisms. This study demonstrates the degradation of fragmented microplastics particularly
low-density polyethylene (LDPE) film in water, through visible light-induced plasmonic photocatalysts
comprising of platinum nanoparticles deposited on zinc oxide (ZnO) nanorods (ZnO-Pt). The ZnO-Pt
nanocomposite photocatalysts were observed to have better degradation kinetics for a model organic
dye (methylene blue) compared to bare ZnO nanorods, attributed to the plasmonic effects leading to
better interfacial exciton separation and improved hydroxyl radical activity along with a 78% increase
in visible light absorption. These demonstrations of the plasmonically enhanced photocatalyst enabled
it to effectively degrade microplastic fragments as confirmed following the changes in carbonyl and
vinyl indices in infrared absorption. In addition, visual proof of physical surface damage of the
LDPE film establishes the efficacy of using plasmonically enhanced nanocomposite photocatalytic
materials to tackle the microplastic menace using just sunlight for a clean and green approach towards
mitigation of microplastics in the ecosystem.

Keywords: microplastics; visible light photodegradation; ZnO nanorod; platinum nanoparticle;
nanocomposite; LDPE film

1. Introduction

Plastic based commodities are among the most widely used items in the modern world. The term
‘microplastic (MP) refers to any fragmented plastic material with sizes less than 5 mm or lower.
They can be broadly categorized into primary and secondary microplastics that are mostly used in
personal care products, cosmetics, medicines, textiles or disintegrate from larger plastic products [1,2].
The actual amount of microplastics in the ecosystem is beyond quantification, due to its infinitesimal size,
light-weight, persistent characteristics, and widespread occurrence in the environmental system. It has
been estimated that between 0.48-1.27 million/annum of plastic debris enters the ocean from different
sources [3], with the major sources being: Effluents discharged from wastewater treatment plants
(WWTPs), surface runoff from contaminated landscape or disposal lands, and beach littering [4,5].
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Removal of microplastics from water or wastewater is difficult, due to the intrinsic physical
and chemical characteristics. Few studies suggest advanced treatment technologies like membrane
bioreactor, bacterial oxidation, retrofilteration that could be suitable for removing microplastics from
aqueous media, but can be time-consuming and expensive often with high energy requirements [6,7].
Other available options are removal by physical or mechanical means or degradation by thermal,
chemical or catalytic processes [8,9]. Certain type of chemicals, such as persulfate salts, have been
widely applied to produce reactive oxygen species (ROS) and hydroxyl radical for advanced oxidation.
Previous studies showed that transition metals (e.g., Fe, Co, Mn) and their oxides are excellent
activators for persulfate salts in producing sulfate radicals during catalytic process for organic/inorganic
contaminants removal [10]. Recently, carbon nanomaterials emerged as metal-free alternatives and
were applied for activation of persulfate salts in catalytic degradation of microplastics [11]. On the
other hand, photo-mediated catalytic degradation, one of the advanced oxidation processes (AOPs),
has been shown to be an energy-efficient process to degrade microplastics in water wherein the
typically nanostructured photocatalyst play an important role for expediting the degradation process
by generating reactive species like hydroxyl (¢OH) and superoxide (¢O;) radicals in the presence of
light with appropriate energy. These species directly initiate the degradation process, which leads to
polymeric chain breaking, branching, crosslinking and complete mineralization [12-14].

Nanoscale semiconductors, such as TiO,, ZnO and ZnS, have been extensively studied in
photocatalysis applications from water splitting to pollutant degradation. TiO, nanomaterials have
been reported on their capability to photocatalytically degrade microplastics, due to their high
photocatalytic activity [15,16]. In comparison to other photocatalysts, nanostructured zinc oxide (ZnO),
a semiconductor with a band gap of 3.37 eV, has been used in water and wastewater treatments,
due to its high redox potential, higher electron mobility at room temperature and better catalytic
performance [17,18]. Hexagonal ZnO nanorods have a higher surface area and stability in comparison
to spherical nanoparticles, leading to a more efficient photo-oxidation process [14]. For further
improvement of photocatalytic activities of ZnO, metals, nonmetals, and carbon materials can be
deposited on ZnO to modify their optical characteristics and to improve electron-hole pair separation,
which is essential for enhancing the photocatalytic process [19]. Studies have shown that by depositing
platinum, a plasmonic metal, the overall photocatalytic efficiency can be improved, due to reduced
electron-hole pair recombination and enhanced visible light absorption. Both these aspects are
a consequence of surface plasmon resonance phenomenon, wherein a particular wavelength of
electromagnetic spectra incident on metal nanostructures of platinum, gives rise to the resonance of
interfacial conduction electrons, leading to enhanced absorption of light in such nanocomposite [18-23].

In this study, the photocatalytic activity of ZnO nanorods was modified by depositing platinum
nanoparticles on the nanorod surface, and the photocatalytic performance of the nanocomposite was
studied. Multiple characterization tools were applied to follow the effective degradation of low-density
polyethylene (LDPE) films, which are the most widely found microplastic pollutant in water and
wastewater systems [2,6].
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2. Results and Discussion

2.1. Morphology and Crystal Structure of Designed Photocatalysts

The average diameter and length of synthesized ZnO nanorods and ZnO nanorods-supported
platinum nanoparticles (ZnO-Pt) were estimated to be 55 pm and 960 pm (same for both cases)
respectively, in SEM images, as shown in Figure 1. The micrographs clearly indicate that there is a
considerable increase in ZnO nanorod surface roughness and morphology after deposition of platinum
nanoparticles. The weight percentage of Zn, O and Pt in ZnO-Pt samples were found to be 70.6%,
23.9%, 5.4% respectively (see Figure S2 in Supplementary Materials).

Figure 1. SEM images of (a) ZnO nanorods and (b) platinum nanoparticles-deposited of ZnO nanorods

(ZnO-Pt). Top and cross-sectional views show the diameter and length of nanorods, respectively.

High resolution transmission electron microscope (HR-TEM) was also used to obtain a more
detailed insight on morphology and crystal structure of deposited Pt nanoparticles on the ZnO-Pt
nanorods. Figure 2 indicates that the platinum nanoparticles were distributed homogenously on the
ZnO nanorod surface as confirmed from their lattice spacing’s of 2.30 A and 1.97 A (see Figure 2c),
that respectively correspond to (111) and (200) planes of a face centered cubic crystal structure of
platinum. The lattice spacing of ZnO nanorod as background in Figure 2c is about 2.60 A, which
corresponds to (002) plane of hexagonal wurtzite zinc oxide crystals. Figure 2d shows the selected-area
electron diffraction (SAED) pattern of ZnO-Pt nanorods. The diffraction spots on rings can be indexed
from (100), (101), (110) and (201) crystal planes of ZnO, as well as from (111), (200) and (220) planes
of platinum, labelled in Figure 2d. Thereafter, the hexagonal wurtzite crystal structure of ZnO and
face-centered cubic structure of platinum are, thus, confirmed [24]. The average size of platinum
nanoparticles is about 2.6 nm with a standard deviation (o) of 0.8 nm (n = 200). The size distribution of
platinum nanoparticles is plotted in Figure 2e.
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Figure 2. TEM images of platinum nanoparticles deposited on ZnO nanorods: (a,b) Uniformly
deposited platinum nanoparticles on ZnO nanorods; (c) High resolution image showing the lattice
spacing of platinum nanoparticles and ZnO nanorods, (d) SAED pattern of ZnO-Pt; and (e) particle
size distribution of platinum nanoparticles grown on the surface of ZnO nanorods.

2.2. Modification of Optical Properties of ZnO/Pt Nanocomposite

UV-VIS absorbance spectra of unmodified ZnO nanorods and ZnO nanorods loaded with platinum
nanoparticles were recorded over 300 to 750 nm. As can be observed from Figure 3, due to their
inherent semiconductor properties, ZnO nanorods showed strong absorption in the UV region, but a
weaker absorption in the visible region. However, upon deposition of platinum nanoparticles on the
ZnO nanorods surface, a 78% enhancement in the absorption in the visible region could be observed,
which is attributed to the surface plasmon resonance effect of platinum nanoparticles at 385 mm [20].
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Figure 3. (a) UV-VIS adsorption spectra of ZnO nanorods and platinum nanoparticle-deposited ZnO

nanorods. (b) Emission spectra of ZnO nanorods and ZnO-Pt with 320 nm excitation. Reduction in the
PL intensity for ZnO-Pt indicates lower electron-hole recombination rate than that for ZnO nanorods.

Simultaneously, there was a reduction in the ZnO band-to-band excitation at 362 nm which could
be a result of the increased defect density within the ZnO nanorod structure, due to UV-light exposure
prior to platinum deposition (also indicated by the extended absorption tail in the visible region)
and reduced light intensity incident on the surface of ZnO nanorods. Thus, both the phenomena
contribute to the improvement in optical absorption in the visible region. Compared to as-grown ZnO
nanorod samples, PL spectrum of ZnO-Pt (Figure 3b) displays a considerable reduction in the radiative
recombination of the photo-generated excitons. This is in accordance with the band positions and
Fermi levels on either side of the ZnO-Pt interface, where the work function of platinum (-5.65 eV
w.r.t. vacuum) and electron affinity of ZnO (—4.5 eV w.r.t. vacuum), along with the higher Fermi level
of n-type ZnO gives rise to a Schottky junction with a barrier height of approximately ¢B =1.15eV.
Therefore, an electric field will be built between ZnO and Pt; and the direction of this electric field is
from ZnO to Pt. Due to the relative position of conduction band of ZnO and Fermi level of platinum,
the platinum nanoparticle coating will act as a sink for the photo-excited electrons in the interface
with ZnO, reducing the viability of radiative and non-radiative recombination processes for the photo
mediated exciton pairs in ZnO. This, in turn, will lead to a reduction in the PL intensity as observed



Catalysts 2019, 9, 819 60f 13

from Figure 3b. However, this phenomenon leads to a higher degree of radical species to be formed in
the presence of water, due to charge transfer reactions between water molecules and the individual
excitons (electrons and holes), which can aid the photocatalytic degradation process [18,23,25-27].

2.3. Photocatalytic Activity Test for ZnO and ZnO-Pt

Experiments were carried out using methylene blue (MB) dye as a model organic contaminant
to test the photocatalytic propensity of the ZnO and ZnO-Pt catalysts. It is well documented that
MB can undergo photolysis under visible light irradiation (without a catalyst), a phenomenon also
observed in our experiments, as shown in Figure 4 [28,29]. With the inclusion of a ZnO nanorod
catalyst in the process, a substantial enhancement in the photodegradation of methylene blue could
be observed. This is expected as the photo generated electrons and holes (excitons) on the ZnO
nanorods will react with the surrounding water to form radical species (¢OH, ¢O; ) which can degrade
MB [18,30]. The degradation phenomenon was further enhanced by almost 18% with the addition
of platinum nanoparticles on the ZnO nanorods. This additional enhancement is activated by the
improved charge separation, mediated by the favorable energy band alignment at the ZnO-Pt interface
as explained previously, along with additional electrons pumped into the ZnO nanorods from the
platinum nanoparticles, due to the induced surface plasmon resonance [19,27].
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Figure 4. Photocatalytic activities of ZnO and ZnO-Pt catalysts and the effect of «OH scavengers on the
degradation kinetics. (MB, methylene blue; ISP, isopropanol).

Further proof of the effect of a plasmonic nanoparticle coating was provided by experiments
specifically carried out to identify the primary radical species (¢OH, ¢O;) taking part in the degradation
process (Figure 4). Photocatalytic oxidation of methylene blue was carried out under visible light in
the presence of isopropanol (ISP), which is a known hole scavenger. As observed from the reduction
in degradation kinetics and efficiency in the presence of isopropanol for both ZnO and ZnO-Pt
photo-catalysts (Figure 4), it is clear that hydroxyl radicals are the primary species mediating the
oxidation of MB. However, it is interesting to note that the reduction in MB oxidation is much more
pronounced in the presence of ZnO-Pt catalysts, suggesting that the plasmonic nanoparticle coating
leads to increased hydroxyl radical generation (compared to unmodified ZnO nanorod samples), which
in turn is an additional proof that the platinum coating improves the exciton separation efficiency.
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The above-mentioned process is pictorially depicted in Figure 5 to illustrate the band alignment at the
ZnO-Pt interface scheme, where the platinum nanoparticles act as electron sinks to arrest/reduce the
exciton recombination process to aid in the photocatalytic reactions [20,31,32].
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Figure 5. The suggested mechanism of enhanced photocatalytic activities with ZnO-Pt (energy levels:
Absolute vacuum scale (AVS)).

2.4. Photocatalytic Degradation of Low Density Polyethylene Films

Photocatalysts were subsequently tested for their ability to break down the most prolific
microplastic pollutant in water, low density polyethylene (LDPE). As observed from the FTIR spectra
of LDPE fragments, there is a considerable change in its chemical structure before and after visible light
photocatalysis with ZnO and ZnO-Pt catalysts (Figure 6). Compared to un-irradiated LDPE fragments,
several functional groups can be identified having peaks at 710 cm~!, and 719 cm™! (medium type
rocking deformation of -CHj), 2847 cm™, 2915 cm™! (symmetric and asymmetric strong stretching of
-CHy), 1462 cm™, 1472 cm™! (stretching of -C=C- bond), and 1377 cm~! (weak symmetric deformation
of -CHj group), which remain unchanged after the photocatalytic process [33,34]. However, several
oxygenated groups like carbonyl, hydroperoxide, peroxides and unsaturated groups within the band
from 1700-1760 cm~!, 3600-3610 cm~!, 1100-1300 cm ™!, and 880-920 cm~! respectively, appear during
the photodegradation process which provide evidence of the chemical transformation of LDPE as
suggested previously in References [14,35-37].
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Figure 6. FTIR spectra of low-density polyethylene films before and after irradiation along with ZnO
and ZnO-Pt catalysts upon 175 hours exposure under visible light.

Furthermore, carbonyl index (CI) and vinyl index (VI) of photocatalyzed LDPE were calculated to
compare the performance of ZnO and ZnO-Pt photocatalysts as these are used for indirect quantification
of the degree of degradation [13]. Table 1 presents the carbonyl index and Vinyl index of LDPE films,
showing an increment after irradiation. It is clear that the photodegradation efficiency is improved in
the presence of ZnO nanorods with platinum nanoparticles. On average, the carbonyl index and vinyl
index increased by 13% and 15% respectively, suggesting that the degradation efficiency of ZnO-Pt
plasmonic photocatalysts is substantially improved compared to the unmodified ZnO nanorods.

Table 1. Variations in the carbonyl index and vinyl index of photocatalyzed low-density

polyethylene films.
Catalyst Carbonyl index (CI) Vinyl index (VI)
LDPE (control) 0.71 0.51
LDPE + ZnO 1.38 1.12
LDPE + ZnO-Pt 1.49 1.35

2.5. Microstructure Analysis of Non-Irradiated and Irradiated Low Density Polyethylene Films

Additional visual data was obtained from SEM images (Figure 7a—c), where the morphological
changes of the photo-catalytically degraded LDPE films show substantial changes in nanometer scale.
The surface of the non-irradiated LDPE was found to be smooth except for a few manufacturing
defects and spots [12]. Several wrinkles, cracks and cavities of varying sizes were detected all
over the photodegraded films as a result of newly formed oxygenated groups and volatile organic
compounds [38]. Deeper cavities and wrinkles were observed on LDPE film when photo-irradiated
with ZnO-Pt catalyst in comparison with ZnO upon photodegradation for 175 hours.
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100 pm

Figure 7. SEM images of low-density polyethylene film after 175 hours of visible light exposure (a)
controlled LDPE, (b) ZnO, (c) ZnO-Pt reveal the configuration of cracks, spots and wrinkles; plasmonic
catalysts showed better catalytic activities than ZnO alone.

3. Materials and Methods

3.1. Reagents

Reagents of zinc acetate dihydrate (Zn(CH3COO),-2H,0), hexamethylenetetramine (C¢H1,Ny),
zinc nitrate hexahydrate (Zn(NOj3),-6H20), and potassium hexachloroplatinate (K,PtClg) were
purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Munich, Germany) and used without
further purification. LDPE film in commercial use, with a thickness of 50 microns, was used to study
the photocatalytic degradation studies.

3.2. Synthesis of Nanostructured Catalysts

Zn0 nanorods were grown by a hydrothermal process which involved seeding of substrates with
ZnO nanoparticles followed by 5 hours’ growth process in growth equimolar solution containing
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10 mM of hexamethylenetetramine and zinc nitrate hexahydrate at 90 °C. Following the growth of
nanorod coatings, the samples were washed extensively with deionized water and then annealed in
ambient conditions at 350 °C for 1 hour prior to further processing [39].

3.3. Deposition of Platinum Nanoparticles on ZnO Nanorods

Pt-deposited ZnO nanorods (ZnO-Pt) were prepared using UV-C photoreduction method in
which generation of surface defects on the ZnO nanorods was carried out by exposing the nanorods to
a 100 W vapor mercury UV-C lamp for 30 minutes at a distance of 14 cm followed by photo mediated
crystal growth from 1mM potassium hexachloroplatinate solution for 10 minutes. After deposition,
the substrate was annealed in ambient air at 450 °C for 1 hour [22,40].

3.4. Photocatalysis Test Setup

The performance of designed catalysts was evaluated by following a process defined by the
International Organization for Standardization (ISO 10678:2010) which include the degradation of
10 uM methylene blue (MB) dye solution (3 mL) for 90 minutes under light irradiation using ZnO and
ZnO-Pt substrates, having dimensions of 2.5 cm X 0.75 cm, as the photocatalysts. Photocatalysis of
low-density polyethylene film of size (1 cm X 1 cm) was carried out for 175 h in a Petri dish containing
synthesized catalysts and deionized water. A 50 W dichroic halogen lamp in ambient air was used for
visible light illumination (*60-70 klux) from a distance of 10 cm for all photocatalytic degradation
studies reported here, as shown in Figure S1 in Supplementary Materials.

3.5. Characterization Techniques

Surface topography and morphology of both catalysts and low-density polyethylene were
examined by scanning electron microscopy (SEM) (GEMINI® Ultra 55, ZEISS, Oberkochen, Germany
). Energy dispersive X-ray spectroscopy (EDX) was utilized for the identification and determination
of the abundance of elements in the designed photocatalysts. Platinum nanoparticle-coated ZnO
nanorods were removed from the substrate by scratching with a sharp blade and drop-casted on copper
grids to observe the morphology and crystal structure using high resolution transmission electron
microscopy (HR-TEM, JEOL JEM-2100F, Tokyo, Japan).

The optical absorbance of designed catalysts and the degradation kinetics of MB dye were
determined using UV-VIS spectrophotometer (LAMBDA-750, PerkinElmer, Waltham, MA, USA).
Photoluminescence (PL) spectrophotometer (model LS 55, PerkinElmer, Waltham, MA, USA) was used
for the assessment of intrinsic and UV-induced defect density for ZnO and ZnO-Pt samples. Emission
spectra were obtained using an excitation wavelength of 320 nm [41].

Fourier transformation infra-red (FTIR) spectra of low-density polyethylene film was obtained
using FTIR spectrometer (Nicolet™ iS10, Thermo Fisher Scientific, Waltham, MA, USA) to observe
the variations of functional groups of polymer during photocatalytic degradation. Changes in the
carbonyl index (CI) determined by the ratio of the area under the absorbance of 1710 cm™~! to the area
under the reference peak at 1380 cm™! and the Vinyl index (VI) which is the ratio of area under the

1

absorbance of 909 cm™! to the area under the reference peak at 1380 cm™ were monitored [13,14].

4. Conclusions

Enhancement of visible light absorption, due to plasmon absorption in the platinum nanoparticles,
along with the diffusion of photogenerated electrons into platinum from the ZnO nanorod interfaces
reduces electron-hole recombination. This leads to more than 15% enhancement of photocatalytic
performance with visible light irradiation, due to the combined effects enumerated above of the
plasmonic catalyst. The photocatalytic activity for the degradation of organic matters (using methylene
blue dye as a contaminant) was found to occur primarily, due to the contribution of superoxides and
hydroxyl radicals that form during the photocatalysis. The plasmonic photocatalyst (ZnO-Pt) was
found to degrade microplastic pollutants like residual LDPE films in water effectively. Formation of
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oxygenated groups like hydro-peroxides, peroxides, and unsaturated groups resulted in wrinkles,
cracks and holes ensure the photocatalytic degradation of LDPE films. Modified ZnO-Pt catalysts
showed ca. 13% higher potential for oxidation of LDPE film compared to the as-grown ZnO nanorods.
Thus, modification of ZnO with plasmonic metal could be a viable way for expediting the oxidation of
microplastic pollutants in water using sunlight.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/819/s1,
Figure S1: Experimental setup for photocatalytic degradation of LDPE film, Figure S2: X-ray dispersive
spectroscopy (EDX) result showing the relative elemental composition of ZnO-Pt catalyst.
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