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ABSTRACT

Currently, the global community considers microplastics as a marine pollutant of emerging concern.
To mitigate the oceanic microplastic pollution, it is necessary to reduce inputs from inland. In this
sense, we present the first report on the use of photocatalysis for the degradation of HDPE
microplastics extracted from a commercially available facial scrub. This was achieved by using two
proposed semiconductors based on N-TiO,. One was green synthesized using the extrapallial fluid
of fresh blue mussels, which presented an excellent capacity to promote photocatalytic degradation
in solid and aqueous environments; while the second photocatalyst, obtained from a conventional
sol-gel synthesis, presented good capacity to promote mass loss of the as-extracted microplastics

in an aqueous environment. Mass losses, SEM and FTIR analysis confirmed HDPE degradation.



Results showed that environmental conditions, microplastics/N-TiO, interaction and the N-TiO,

surface area should be carefully set and monitored in order of avoiding the arrest of photocatalysis.
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1. INTRODUCTION

Plastics are synthetic organic polymers which result from the polymerization between monomers
derived from oil and gas [1]. Due to their wide range of physical and chemical properties, durability
and relatively low cost, plastics are considered ideal materials with an extensive variety of
applications by many industries [2,3]. For example, the manufacturing industry uses million tons of
plastic per year to produce textile fibers; while the food industries use plastic for packaging
products, enabling to reduce food wastage and transportation costs [2]. The economic advantages
generated by plastics has caused this industry to grow steadily over the last decades, where world

plastic production increased from 1.5 million tons in 1950 to 380 million tons in 2016 [3].

Despite the benefits of plastics to the economy and the daily life of the population, these tend to
accumulate in the environment due to their durability and lack of biodegradation [4]. These main
intrinsic factors, in addition to their inadequate disposition, are the primary reasons why plastic
waste has become a pollution problem of global scale [5]. Initial concerns about contamination by
plastics were that 79% of all plastics were being dropped to landfills or illegal dumping sites [6].
However, nowadays we know the pollution problem does not necessarily finish there. Plastics can
migrate along the environment throughout rivers ending in freshwater bodies such as lakes and
lagoons, or even seas and oceans, where they can reach distant parts of the world as they can

travel through marine currents [7]. Recent studies warn there may be as much as 5.3 trillion plastic



particles currently floating on the sea, which is equivalent to 268,940 tons [8]. These have been
found to be comprised of all the variety of plastics used by our communities, including polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polyester and nylon [9-11]. However, the
presence of significant proportions of PE micro-debris (< 5mm) has attracted particular attention
due to the physical damage that poses to marine biota and the increasing hazard that represents to

public health [12].

PE micro-debris can be derived from two primary sources, which are defined as primary or
secondary according to their origin. In general, primary microplastics are manufactured to be used
in facial-cleansers and cosmetics, synthetic clothing, and abrasives found in cleaning products. On
the other hand, secondary microplastics are described as tiny plastic fragments derived from the
breakdown of larger plastic debris [13]. Despite their origin, remotion of PE microplastics from the
oceans represents a difficult task, mainly due to their small size and their continuous breakdown
evolution. To date, measures focused on reducing inputs from inland are widely recognized as

being the most effective way to mitigate the oceanic microplastic pollution [14,15].

In this regard, we propose the use of photocatalysis to degrade PE microplastics as a promising
alternative to minimize its introduction rate to the oceans from continental sources. This was
achieved in a sustainable process as the PE was degraded by an N-TiO, photocatalyst exposed to
visible light. In general, photocatalytic degradations occurs when a semiconductor is exposed to a
source of light emitting photons with equal or higher energy than its band gap, causing the
generation of holes (h") and excited electrons (e") [16]. These holes, combined with water (H,O) or
hydroxyl groups (OH"), generating hydroxyl radicals (OH") which are highly oxidizing species
capable of degrading different organic pollutants [16]. To achieve a more sustainable process, our
N-TiO, semiconductor was prepared following the procedure reported by Zeng et al. [17], where an
N-doped TiO, semiconductor is obtained by a synthesis inspired in a bioprocess using mussel

proteins as pore-forming agent and nitrogen source for the photocatalyst doping.



In this study, we present the photocatalytic degradation of real samples of PE microplastics
extracted from a commercially available facial scrub, one of the products that have been suggested
as a significant source of marine microplastics [18]. The degradation of this active ingredient under
visible light was achieved by two proposed methodologies, which were performed in either aqueous
and solid matrix to demonstrate the adaptability and applicability of this strategy. While
photocatalytic degradation was confirmed to occur faster in an aqueous medium, conditions should
be carefully chosen and furtherly investigated, since photocatalysis of PE was arrested in both

media after irradiation for long periods of time.

2. MATERIALS AND METHODS

2.1. Synthesis and characterization of N-TiO, semiconductors

The green synthesis of an N-TiO, semiconductor was adapted from Zeng et al. [17]. Briefly, the
extrapallial fluid of fresh blue mussels (Mytilus edulis) collected from Ensenada, Mexico (31.8667°
N, 116.5964° W) was centrifuged at 13,000 rpm for 10 minutes using an Eppendorf 5415D
centrifuge. The cleared extrapallial fluid was used as a pore-forming agent and nitrogen precursor
in the preparation of the visible-active N-TiO, semiconductor by dropping 5 mL into 1 mL of titanium
(IV) butoxide (Sigma-Aldrich, 97%) and mixing it for 2 h at 300 rpm. Mineralization of the mixture
was performed at room temperature for 4 h. The mixture was transferred into a Teflon-lined
autoclave and subjected to thermal treatment, using an initial thermal stage at 50 °C for 30 min,
followed by a second one at 150 °C for 12 h with a heating rate of 5 °C/min. The resulting powders

were filtered, washed with distilled water and dried at 55 °C.

The total protein concentration in the cleared extrapallial fluid was determined using the Bradford

assay [19] using a Cary 50 UV-Vis spectrophotometer from Agilent Technologies.



The synthesis of a second N-TiO, material to be used as a control was prepared by the traditional
sol-gel method using urea (Analytyca, reagent grade) as a nitrogen precursor and tri-block
copolymer (Pluronic® F-127, Sigma-Aldrich) as a pore-forming agent. Briefly, the precursor solution
was prepared by the slow addition of 1 mL of TiCl, (Sigma-Aldrich, 99.9%) to a mixture of 20 mL of
absolute ethanol (DEQ, 99.8%) and 570 mg of Pluronic® F-127. Then, 1.65 mL of ultrapure water
(18 MQ) was added drop-by-drop and stirred for 5 min. Finally, 73 mg of urea were added to the
mixture. The film was prepared by pouring the precursor solution into the Batch reactor walls and

thermally treated at 200°C for 24 h and 500°C for 3 h to crystallize the anatase TiO, phase.

Characterization of the crystalline phase in both N-TiO, materials was achieved by X-ray diffraction,
using a Siemens D5000 diffractometer with Cu Ka1 radiation. Nitrogen incorporation into the TiO,
network was verified using a Vertex 70 ATR-FTIR Bruker spectrometer by averaging 32 scans
between 4000 and 400 cm™ with a 4 cm™ spectral resolution. The band gap (Eg) values of the
photocatalysts were calculated from their Diffuse reflectance spectra (DRS). Measures were carried
out in the 300-800 nm range on a Jasco V-670 UV-Vis/NIR spectrophotometer equipped with a ILN-
725 integration sphere. Using the Kubelka-Munk theory, the E4 values were obtained from the

2 ys. hv

intersection of a straight line from the linear region with the abscissa axis of a plot (F(R)*hv)
in eV [20]. Microstructural characterization and the film thickness were observed by scanning

electron microscopy (SEM), using a Thermo-Fisher Scientific FEI Quanta 200 ESEM.

2.2. Microplastic extraction and characterization

Microplastics were extracted from a commercially available exfoliating scrub following the procedure
reported by Napper et al. [18]. Briefly, 60 g of the product were mixed with 500 mL of distilled

boiling water. The warm mixture was filtered using a cloth filter with a 500 ym pore size. The
resulting microplastics were repeatedly washed with distilled water, dried at 30 °C for 24 h and

stored until use. The microplastics” morphology was observed by SEM, while their particle size was



measured by optical microscopy using a Leica EZ4 stereomicroscope. Finally, microplastics’

composition was characterized by ATR-FTIR.

2.3. Microplastic photocatalytic degradation

The photocatalytic experiments performed with the mussel-derived N-TiO, powders were carried
using microplastics/N-TiO; film composites. These latter were prepared by dissolving 200 mg of the
extracted microplastics into 30 mL of cyclohexane (Sigma-Aldrich, 99.6%). The mixture was heated
at 70°C with stirring (300 rpm) for 10 min. After dissolution, 10 mg (the same estimated mass than
the deposited N-TiO, film) of the mussel-derived N-TiO, powders were added, and stirring was
allowed for 15 min. The mixture was dried at 55°C for 20 min and then, allowed to dry at room
temperature for 48 hours. The photocatalytic experiments carried out with the control sample (sol-
gel N-TiO,) were performed by directly adding 200 mg of the extracted microplastics and 100 mL of

distilled water into the N-TiO,-coated Batch Reactor.

All the photocatalytic tests were performed in a closed reaction chamber at room temperature for 20
h, with samples placed at 120 mm of a 27 W fluorescent lamp with constant light emissions in the
visible spectrum (400 nm — 800 nm, measured with an Ocean Optics USB200 spectrometer).
Photocatalysis of microplastics/N-TiO, film composites was evaluated 1) in solid form at room
temperature and 50% relative humidity; and 2) in an aqueous medium using distilled water at 25 °C.
The photocatalysis performed in the sol-gel N-TiO,-coated Batch reactor was performed only in
aqueous medium at 25 °C. The same experiments were performed in the dark to determine whether
the contact between microplastics and N-TiO, promotes degradation when no photons are involved
in the process. Light exposure of the microplastics without the N-TiO, was also performed to test

photolysis. All the tests were performed in duplicates with no significant differences observed.

Plastic degradation was measured by weight loss [21-27], with chemical and morphological

changes confirmed by FTIR and SEM. Mass loss was calculated using the following equation:



Mass loss (%) = (Mo — M)/Mg x 100 Eqg. (1)

where My is the initial mass of the microplastics and M is the mass at t hours of irradiation. First-

order degradation kinetics were calculated using equation 2:
C=Cyexp™ Eq. (2)

where Cy is the initial concentration of microplastics, C is the concentration at time t and k is the first

order rate constant [28]. Rate constants were obtained by plotting In C/Cq vs. t.

3. RESULTS AND DISCUSSIONS

3.1. Synthesis and characterization of N-TiO, semiconductors

As shown in Figure 1, both N-TiO, materials were synthesized in the anatase crystalline phase,
which is known to be responsible for the photocatalytic activity of the material [29]. The sol-gel N-
TiO; film presented higher crystallinity than the protein-derived material. This can be attributed to
the thermal treatment occurred after the sol-gel process. On the other hand, the protein-derived N-
TiO, powder presented a single diffraction peak at ca. 45°, attributable to a rutile crystalline phase.
The XRD results also suggest the protein-derived N-TiO, powder was more amorphous than the

sol-gel synthesized N-TiO,.
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Figure 1. XRD patterns of the sol-gel and protein-derived N-TiO, semiconductors.

The ATR-FTIR spectra of both materials exhibited similar bands, confirming the presence of TiO,
and the incorporation of nitrogen into the semiconductor network (Figure 2). The band observed at
702 cm™ corresponded to the Ti-O stretching and Ti-O-Ti bridging stretching bonds [30,31]; while
the band observed at 1630 cm™ corresponded to the bending vibrations of the O-H and N-H bonds
[31]. These bands were more prominent in the protein-derived material. This characteristic could
result from the combination of two factors: (i) the process by which this sample was synthesized,
were powder remained dispersed in the synthesis matrix and (ii) the dryness of the sol-gel derived
N-TiO, film due to calcination at 500 °C. The bands observed at 1080 cm™ and 1450 cm™ have
been attributed to the vibrations of the Ti-N bond [31,32], confirming that protein concentrations

from mussels’extrapallial fluids as low as 10 pg/mL, can be used to dope TiO, successfully.
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Figure 2. ATR-FTIR spectra of the sol-gel and protein-derived N-TiO, semiconductors.

Incorporation of N into the TiO, network was also confirmed by the band gap values, which were
calculated for both materials (See Supplementary Material). Table 1 shows that synthesized
materials have lower Eg values than the one reported for commercial TiO, (3.3 eV [33]), confirming
their photocatalytic activity under visible light. Interestingly, mussels-derived N-TiO, presented a

lower Eq4 value, suggesting its capability to absorb photons at 427 nm.

Table 1. Absorption properties of the N-TiO, photocatalysts.

Wavelength of photon

Sample Eg (eV)
absorption (nm)
Control (sol-gel) N-TiO, 3.1 400
Protein-derived N-TiO, 2.9 427

As observed in Figure 3a, the sol-gel N-TiO, film was composed of particles between 5 and 10 nm
of diameter. Porosity, derived from the thermal degradation of the micelles formed by the tri-block

copolymer during the synthesis procedure, was uniformly distributed along the sample with



diameters between 2 and10 nm. The film thickness was measured as 975 * 140 nm. On the other
hand, the protein-derived N-TiO, powders were observed as agglomerated particles of variable
diameters, ranging from 220 to 920 nm (Figure 3b). Porosity in the protein-derived N-TiO, was
present, but it was less distributed than in the sol-gel derived material. This is attributable to the low
protein content of the extrapallial fluid used in our work, as the protein concentration used by Zeng
and collaborators for the synthesis of their protein-derived N-TiO, (600 pg/mL) resulted in the
existence of evenly distributed pores along the material [17]. Therefore, although the ATR-FTIR and
E, results showed that low protein content is enough to incorporate nitrogen into the anatase
network, our results confirm that lower content of proteins derives in limited porosity, and

consequently, a limited surface area on the resultant material.

Figure 3. FE-SEM micrographs of the (a) sol-gel and (b) protein-derived N-TiO, semiconductors.

3.2. Microplastic extraction and characterization

Blue spherical beads constituted the microplastics extracted from the facial scrub with diameters

ranging between 700 and 1000 uym (Figure 4).

10



Figure 4. Optic micrograph of the extracted microplastics (16x). Inset: microplastics extracted from

the commercially available facial scrub.

The ATR-FTIR analysis confirmed the presence of absorption bands at 2925, 2840, 1467 and 720
cm™ (Figure 5a), which are characteristic of the long alkyl chains that compose the high-density
polyethylene (HDPE) [33]. On the other hand, the XRD pattern (Figure 5b) exhibited the peaks
corresponding to the (110), (200), (210) and (020) reflection planes of the orthorhombic unit cell

structure of HDPE [34], therefore, confirming the identity of the extracted microplastics.
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Figure 5. (a) ATR-FTIR spectrum and (b) XRD pattern of the extracted microplastics.

3.3. Microplastic photocatalytic degradation
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Figure 6a shows the experiments performed in solid form at room temperature and 50% relative
humidity. The photolysis (black curve) demonstrated that HDPE films subjected to visible light for 20
hours did not present significant changes in mass weight, suggesting that HDPE polymers do not
degrade under natural environmental conditions. The same experiment carried out with the addition
of the protein-derived N-TiO, without light irradiation is shown in the pink curve of Figure 6a. No
mass loss was detected, proving that degradation cannot proceed without photon absorption by the
semiconductor. However, with illumination, changes in the microplastic mass were observed during
the first 16 h of irradiation, resulting in a total mass loss of 1.85% (blue curve of Figure 6a). Since
mass losses from N-TiO, are not expected under these testing conditions, the resulting mass loss
reported in this experiment was attributed to microplastic photocatalytic degradation. Interestingly,
as shown in Figure 6a, a slow but continuous mass loss in HDPE was observed when the
composite was irradiated between 2 and 8 h, achieving a mass loss of 0.75%. However, an arrest
on the photocatalysis was observed during the next 4 h of experimentation. This arrest was
associated with dehydration of the sample, as previous studies have demonstrated that plastic
degradation driven by photocatalysis is commonly carried out by hydroxyl radicals [35—38]. Since
these are mainly generated by water adsorbed in the semiconductor surface, a good hydration state
of the photocatalyst is fundamental to achieve the degradation of the microplastic [16,36,39]. As in
this experiment, HDPE photocatalysis was conducted at room humidity without a continuous source
of humidity to the reaction chamber, it is very likely that the composite became dehydrated after 8 h
of irradiation. To prove this hypothesis, the reaction chamber was opened to allow the introduction
of humidity from the ambient air into the chamber. The photocatalytic test was allowed to continue,
and an immediate restoration in the mass loss of the HDPE was observed, reaching a percentage
of 1.1% before the second arrest on photocatalysis after 4 hours of additional irradiation. Thus, it

was confirmed that humidity is essential for plastic photocatalytic degradation.
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Figure 6. Photocatalytic degradation of HDPE microplastics using N-TiO, semiconductors and a 27

W fluorescent visible light (400 - 800 nm).

Moreover, the photodegradation of HDPE by N-TiO, was also associated with the porosity of the
material. As observed in Figure 7, SEM micrographs of the HDPE/N-TiO, composite before and
after photocatalysis exhibit limited dispersion of N-TiO, powders into the composite film, resulting in
sparsely distributed cavities in the composite film formed as consequence of the photocatalytic
degradation [28,33]. This result confirms that the contact area between the microplastic and the N-
TiO, is crucial for the degradation of this pollutant. Therefore, it can be suggested that this
interaction can be furtherly improved by increasing the surface area of the semiconductor (i.e.,

increasing the protein content during the synthesis of the N-TiO, material).

13



Figure 7. SEM micrographs of the HDPE/N-TiO, composites (semiconductor derived from the

proteins). (a) As-prepared, (b) solid photocatalysis and (c) aqueous photocatalysis.
The first order kinetic constant was calculated as 12.2 x 10* h™* (Table 2). While the percentage of
mass loss on HDPE films can be considered low, it is still higher than those reported for PE plastic

photodegradation using TiO, or others photocatalysts [28,33,40,41].

Table 2. Calculated first order rate constants.

System kXx10* (™" R?

PE/N-TiO, composite (solid media) 12.2+0.8 0.9794

PE/N-TiO, composite (aqueos media) 38.2+3.7 0.9561

N-TiO,-coated Batch reactor 27.4 +3.3 0.9315

A second photocatalytic test was conducted using the HDPE/N-TiO, composite in an aqueous
medium at room temperature. Also in this case, in the experiment without irradiation mass loss was
not detected (cyan curve of Figure 6a). On the other hand, the same system presented an
increasing mass loss during the first 18 h of visible irradiation, followed by the arrest of the
photocatalysis (green curve of Figure 6a). The mass loss was calculated as 6.40%, with a kinetic
constant three times faster than the photocatalytic degradation in the solid phase (Table 2). This
can be associated with the higher concentration of hydroxyl radicals available for degradation in the
agueous solution, as radicals may have been derived from the water adsorbed in the N-TiO,
surface. SEM analysis confirmed the degradation of HDPE, as voids can be observed along the

surface of the composite film (Figure 7c¢). Therefore, our results suggest that protein-derived N-
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TiO, was able to degrade HDPE plastic in both aqueous and solid media under naturally occurring
conditions. Nevertheless, these and pollutant/N-TiO, interaction should be carefully set and

designed to avoid arrests on the photocatalysis.

To determine the feasibility of this technology for the degradation of microplastics, a degradation
test using as-extracted microplastics was performed in an aqueous medium using a Batch reactor
(Figure 6b). The photolysis experiment in the un-coated Batch reactor demonstrated that as-
extracted microplastics do not experience photolysis after 20 h of visible irradiation (black curve).
The test in the dark using the N-TiO,-coated reactor presented the same trend (orange curve).
However, illumination of the system promoted the photocatalytic degradation of the microplastics
(red curve). A mass loss of 2.86% was achieved after 8 h of irradiation with a kinetic rate constant
of 27.4 X 10" h™* (Table 2). These parameters were in between the results observed for the solid
and aqueous photocatalysis performed on the composites. Figure 8 shows the ATR-FTIR spectra
of the microplastics before and after photocatalysis, as deducted from the reduction of the

characteristic bands of HDPE, the disappearing of microplastics can be confirmed.
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Figure 8. ATR-FTIR spectra of the HDPE microplastics before and after photocatalysis in the Batch

Reactor.

CONCLUSIONS

In this work, the photocatalytic degradation of microplastics was conducted using N-TiO,. The more
sustainable N-TiO,, derived from the extrapallial fluid of saltwater mussels, presented an excellent
capacity to promote mass loss of HDPE microplastics in the solid and aqueous environment. The
other photocatalyst, derived from a conventional less sustainable sol-gel route, also presented good
capacity to promote mass loss of the as-extracted microplastics in an agueous environment.
Results showed that the environmental conditions (those that promote water adsorption into the N-
TiO,), the pollutant/N-TiO, interaction and the photocatalyst surface area should be carefully set or
designed in order of avoiding the arrest of photocatalysis. The Batch tests revealed that
photocatalysis of HDPE microbeads should be further investigated and adapted for application in
domestic wastewater treatment plants. Currently, our research group is carrying out investigations
to determine the degradation paths of the PE microplastics and the optimal conditions to scale this

technology.
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