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RESUMEN
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Titulo del estudio: EVALUATION OF A TiO2 SEMICONDUCTOR FORMED BY
BIOMINERALIZATION INDUCED BY PEARL OYSTERS FOR THE
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Numero de paginas: 129

Candidato para el grado de Maestro en
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Sustentables.

Area de estudio: Procesos Sustentables

Propésito y método de estudio:

El plastico es una pieza clave para la sociedad, pues se utiliza desde la
seguridad alimentaria hasta el desarrollo de la ciencia y tecnologia. Sin embargo,
Su uso excesivo y la mala gestion de residuos plasticos hace que estos terminen
en ecosistemas marinos y terrestres. El plastico liberado en el medio ambiente
puede ser fragmentado o ser liberado directamente en pequefas particulas con

diametros < 5 mm, los cuales son conocidos como microplasticos y provocan



dafios irreversibles a los ecosistemas. Los microplasticos se convierten en
contaminantes en biodisponibles para la biota y representan un riesgo debido a
la toxicidad acumulativa dentro de la red tréfica. En este estudio, se propone la
utilizacién de la fotocatalisis para la degradacion de microplasticos, usando la
ruta sintética de biomineralizacion para la obtencion de semiconductores a

temperatura ambiente.

El propoésito del presente estudio fue la evaluacién y obtencion de
semiconductores de TiO2 sintetizados mediante biomineralizacion, usando una
ostra perlera mexicana Pteria sterna. Primeramente, se obtuvieron los
semiconductores amorfos (precursores) y posteriormente se biomineralizaron por
20, 32, 77, y 90 dias mediante la incubacion dentro de las ostras perleras. Se
realizo la caracterizacion de dichos semiconductores en términos de composicion
cristalografica (XRD), absorcion de luz (Espectroscopia UV-Vis) y presencia de
grupos funcionales (FTIR). Una vez establecidos los semiconductores con las
mejores propiedades, se procedié a evaluar su actividad fotocatalitica para la
degradacion de microplasticos de polietileno. Se utilizé el polietileno de alta
densidad (HDPE, por sus siglas en inglés) con diferentes tamafios de particula
(381.87 y 876.26 pm). Los microplasticos fueron extraidos de tres marcas de
exfoliantes faciales comercialmente disponibles en la mayoria de los

supermercados y comercios dedicados al sector cosmético en México.

Las pruebas fotocataliticas se realizaron con tres semiconductores: el
precursor amorfo, y los materiales biomineralizados por 32 y 90 dias. Estos

materiales son predominantemente amorfos y contienen nitrégeno, lo que los
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hace activos en luz visible. Las pruebas se realizaron en medio acuoso a una
temperatura de 31 + 3°C a pH 7 = 1 usando una lampara LED con emision en el
intervalo de 400 a 700 nm. El tiempo de irradiacion fue de 30 horas. La
degradacion fue evaluada mediante pérdida de masa, cambios en las bandas de
absorcion del espectro FTIR de los microplasticos, indice vinilo y microscopia
Optica. Los resultados de las pruebas de fotélisis demostraron que los medios de
reaccion evaluados no promueven la fotocatélisis de los microplasticos. En las
pruebas fotocataliticas de los microplasticos con tamafio de particula de 381.87
Mm, se obtuvieron pérdidas de masa de 26.93% y 5.89% para los
semiconductores biomineralizados por 32 y 90 dias, respectivamente. Para los
microplasticos con tamafo de particula de 876.26 um, se obtuvieron pérdidas de
masa de 3.5% y 19.51%, para los semiconductores biomineralizados por 32 y 90
dias, respectivamente. Con este estudio, quedd demostrado que los
semiconductores de TiO2 biomineralizado en ostras perleras (Pteria sterna) por
32 y 90 dias permanecen predominantemente amorfos, contienen nitrégeno y
son activos en luz visible, propiedades que los hacen capaces de degradar
fotocataliticamente microplasticos de HDPE en medio acuoso a pH 7 vy

temperatura ambiente.

Grika Cedillo

Firma del asesor:

Dra. Erika Iveth Cedillo Gonzalez
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SUMMARY
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Purpose and method of study:

Plastic has a crucial role in modern society. It is used for food security and
in the development of science and technology. However, because of its excessive
use and the poorly waste mismanagement of plastic this end up in marine and
terrestrial ecosystems. Plastic released into the environment can be fragmented
or directly released into small particles with diameters of <5 mm, which are known
as microplastics and cause irreversible damage to ecosystems. Microplastics
become pollutants that are bioavailable for biota and represent a critical risk due

to cumulative toxicity within the food web. In this study, the use of photocatalysis
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for the degradation of microplastics is proposed, using the synthetic route of
biomineralization to obtain semiconductors at room temperature.

The purpose of the present study was the evaluation and obtaining of TiO2
semiconductors synthesized by biomineralization, using a Mexican pearl oyster
Pteria sterna. The amorphous semiconductors (precursors) were obtained and
subsequently biomineralized for 20, 32, 77, and 90 days by incubation within pearl
oysters. These semiconductors were characterized in terms of crystallographic
composition (XRD), light absorption (UV-Vis spectroscopy) and the presence of
functional groups (FTIR). Once the semiconductors with the best properties were
established, their photocatalytic activity was evaluated for the degradation of
polyethylene microplastics. High-density polyethylene (HDPE) with different
particle sizes (381.87 and 876.26 um) was used. The microplastics were
extracted from three brands of facial scrubs commercially available in most
supermarkets and shops dedicated to the cosmetic sector in Mexico.

Photocatalytic tests were performed with three semiconductors: the
amorphous precursor, and the biomineralized materials for 32 and 90 days. These
materials are predominantly amorphous and contain nitrogen, making them active
in visible light. The tests were performed in aqueous medium at a temperature of
31+3°CatpH 7 =1 using an LED lamp with emission in the range of 400 to 700
nm. The irradiation time was 30 hours. The degradation was evaluated by mass
loss, changes in the absorption bands of the FTIR spectrum of microplastics, vinyl
index and light microscopy. The results of the photolysis tests showed that the
evaluated reaction media do not promote the photocatalysis of the microplastics.

In photocatalytic tests of microplastics with a particle size of 381.87 um, mass
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losses of 26.93% and 5.89% were obtained for biomineralized semiconductors for
32 and 90 days, respectively. For microplastics with a particle size of 876.26 um,
mass losses of 3.5% and 19.51% were obtained, for biomineralized
semiconductors for 32 and 90 days, respectively. With this study, it was
demonstrated that the biomineralized TiO2 semiconductors in pearl oysters
(Pteria sterna) for 32 and 90 days remain predominantly amorphous, contain
nitrogen and are active in visible light, this properties make them capable of
photocatalytically degrading HDPE microplastics in aqueous media at pH 7 and

room temperature.
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CHAPTER 1

1. INTRODUCTION

The ocean, which covers about 70% of the Earth’s surface, has a great
historical value for the life and humankind. The marine environment hosts a wide
range of biodiversity and offers many environmental services. The sea provides
essential benefits for human society, such as sustenance, transport, and
recreation. Regardless of their critical role, the oceans are currently endangered
because of a poor management of the anthropogenic solid wastes such as wood,

metals, and, plastics [1,2].

From the total quantity of anthropogenic wastes present in the sea, plastic
represents more than 80% [3]. Plastic degradation is temperature-dependent. For
example, depending of the polymer type, thermal degradation takes place at
temperatures higher than 200 °C [4], but the oceans have a surface temperature
between 0 to 29 °C [5]. This means that plastic degradation rate is slow in cold

seawaters [6] and it is estimated to take 450 years [7].

Although plastic has very valuable characteristics such as high chemical
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and biological durability, low density and low cost (that is why it finds extensive
use in the modern society), most of the plastics ever made have been subjected
to incorrect waste disposal at the end of their useful life. As stated earlier, the
plastic waste debris dispersed in the environment tends to accumulate in the
ocean, where they cause severe problems to the marine species and the ocean-

related anthropogenic activities [4,8,9].

There is not a standard classification for the plastic debris present in the
ocean. However, plastics debris can be roughly classified by size: mega-debris (>
100 mm), macro-debris (> 20 mm), meso-debris (20-5 mm) and micro-debris (< 5
mm) [10]. This latter group is defined as microplastics by the GESAMP (Joint
Group of Experts on the Scientific Aspects of Marine Environmental Protection),
an Inter-Agency Body of the United Nations (UN) [11]. GESAMP recognizes two
types of microplastics, the so-called primary and secondary microplastics. The
primary microplastics are small (5 mm) plastic particles that are deliberately
manufactured in that size, such as those found in cosmetics, personal care
products and industrial abrasive products. Secondary microplastics are generated

by the mechanical breakdown of macroplastics [11].

The negative impact of microplastics in the marine environment has been
investigated worldwide. It is currently known that microplastics ingested by wildlife
generate plastics-derived toxins that enter the trophic web, leading to significant
risks to animals and humans [12,13]. Additionally, it has been reported that

microplastics can carry invasive species promoting the alteration of local
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ecosystems [14]. For these reasons, microplastics have been recognized as an

emerging issue.

In the last decade, the monitoring, identification, and quantification of
microplastics has been extensively documented. Most of these studies have been
carried out in marine environments from America, Europe, Oceania and Asia
[10,15]. All this information provides a global perspective regarding microplastic
pollution. However, to date, limited efforts have been conducted to reduce
microplastics inputs from inland into the oceans. Some examples include reducing
plastic mega-debris waste generation, recycling and development of

biodegradable plastics.

Photocatalysis is a reliable technology that has been investigated to
provide practical application and products for environmental solutions [16]. This
technology has proved to degrade, in short time periods, a wide array of pollutants
such as dyes, organics, medicines and plastics, to name a few. Thus,
photocatalysis can be used to reduce microplastic waste inputs from inland into
the oceans. For example, photocatalysis technology can be adapted to a Waste
Water Treatment Plant (WWTP) [17] to reduce or eliminate microplastic pollution
from the wastewater effluents. This process is initiated when a semiconductor
such as titanium dioxide (TiO2) is irradiated with a photon with hv = Eg (where Egq
is the band-gap of the semiconductor). Holes (h*) - electron (e") pairs are formed
and transferred to the photocatalyst's surface; if these holes are trapped either by

water (H20) or hydroxyl groups (OH™), hydroxyl radicals (OH") are generated.
6



Hydroxyl radicals are powerful and indiscriminate oxidizing agents that effectively
degrade an extensive range of organic pollutants into H20 and CO2 [18-20]. A
widely used semiconductor is TiO2 because it has several applications and
excellent properties including strong oxidizing abilities, nontoxicity,
environmentally benign and low cost [21,22]. As a disadvantage, TiO2 is only
active in presence of UV light (A = 200 — 400 nm) [23], but some modifications
such as doping with nitrogen have been made to activate TiOz2 in visible light (A =
400 — 700 nm). An additional disadvantage of nitrogen doping of TiOz2 is that the
synthesis routes used to dope TiO2 require relatively high temperature post
treatments [24].

Recently, some alternative low-cost and environmentally friendly routes to
form TiO2 semiconductors by means of biomineralization have been investigated
[25]. This process involves the presence of a marine or freshwater mollusk such
as the triangle sail mussel or ‘Karasu’ (in Japanese) Hyriopsis cumingii, which
synthetizes biological calcareous compounds [26].

In this research, the photocatalytic degradation of polyethylene (PE)
microplastics with a nitrogen-doped TiO2 semiconductor was investigated as an
attractive alternative for microplastic pollution remediation. Photocatalysis
technology was chosen because it is considered an environmentally friendly

process that follows two of the twelve principles of green chemistry.



CHAPTER 2

2. PROBLEM STATEMENT

2.1 Plastic and microplastic pollution.

Plastic is a synthetic polymer formed by monomers derived from oil and
gas [13]. It has transformed our daily life since the beginning of its production in
~1950 because of its valuable characteristics. Plastic possesses high durability,
low density, and low cost, and these features make plastic very attractive for a

wide range of uses, from medical applications to food safety.

Packaging is the largest market for plastics: 40% of plastic production is
used to single-use containers which are commonly for food safety and other
applications [9,27]. The most common plastics used in the packaging sector are
polyethylene (PE) with low and high density (LDPE and HDPE, respectively),
polystyrene (PS), polypropylene (PP), poly (ethylene terephthalate) (PET), and

poly (vinyl chloride) (PVC) [28].

With the increasing demand for plastic products, their production rapidly

grew in the last decades [9,29,30]. As a result, the most updated estimations
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indicated 8300 million metric tons of virgin plastics globally produced in 2015 [9].
In the case of Mexico, the production value for the plastic and rubber industry in

2016 was estimated in 228 billions Mexican pesos [31].

Even though plastic is a wonderful material that has enormously
contributed to the society’s wellness and technologic development, its extended
use in the form of single-use products has led to the generation of large quantities
of plastic waste. Indeed, recently the presence of plastic waste in the environment
has been suggested as a geological indicator of the Anthropocene Era [32]. In
2015, it was estimated a global production of 6300 Mt of plastic waste. In the case
of Mexico, only in 2017, almost five thousand tons (4,929) of urban plastic wastes
were generated [31]. Due to the poor, and in some cases inexistent plastic waste
management programs, only 9% of the plastic wastes were recycled, while 12%
were incinerated, and the remaining 79% ended in landfills in the natural
environment [9]. The problem with these disposal methods is that recycling does
not avoid the final disposal of plastic residues [33], and their incineration produce
dangerous gaseous components that finally impact the environment and all living
forms [34]. Moreover, plastic residues ending in the landfills release toxic leachate

because of the interaction with groundwater [35,36].

A problem derived from the incorrect disposal of plastic waste is
microplastic pollution. In 2004, an investigation reported by Thompson et. al.[8]
mentioned for the first time the presence of small plastic debris in the marine
environment. The authors reported that these plastic fragments were present in

marine ecosystems and explained their size by the mechanical fragmentation of



larger plastic items. The group called microplastics to these tiny plastic particles
[8] and ever since, the scientific community had brought a lot of attention to this
topic, trying to find the presence, distribution and sources of microplastics, and

their effect on the environment.

There are thousands of worldwide reports of microplastic contamination
from the poles to the equator. This accumulation of microplastics can be found in
marine sediments, the water surface of the ocean, lakes, estuaries, the Arctic sea
ice, the deep sea, and other environments [6]. Indeed, currently microplastics are
considered a contaminant of emerging concern (CEC) [37]. The CECs are
pollutants that have been detected in water bodies that may cause ecological or
human health impacts, and typically are not regulated under -current

environmental laws.

2.1.1 Microplastics definitions.

Thompson uses the term microplastics to describe small plastic particles
in a ranging diameter from a few microns to several millimeters; this term includes

particles of several shapes (fibers, flakes, films, and spheres) and colors [6].

On the other hand, Rillig [38] defines microplastics as particles smaller than

1 mm, but also includes a range of several micrometers.

The simplest definition of microplastics was proposed by the Joint Group
of Experts on the Scientific Aspects of the Marine Environment (GESAMP) and

the United Nations Environmental Programme (UNEP) and is by far the most used

10



by researchers worldwide. According to GESAMP and UNEP, microplastics are

particles of plastic <5 mm in diameter, sampled in the environment [30,39].

2.1.2 Primary and secondary microplastics.

As already mentioned, microplastics are classified into two types
depending on their source, primary and secondary. Primary microplastics, directly
released to the environment, are intentionally manufactured in a specific shape
and size. They are used widely in industry and manufacturing. Some examples of
primary microplastics include abrasives, personal care and cosmetic products
(microbeads) [6,30]. Figure 1 is portraits two personal care products that contain

primary microplastics.

Secondary microplastics are formed from the fragmentation of larger
plastic products and emerge by mechanical and environmental action. In the
environment, the ultraviolet light from the sun, heat, wind, and ocean waves make
possible the physical fragmentation of plastic items such as food and beverage
packing. The use and weathering of some items also cause the mechanical
fragmentation of plastics; for example, tire wears [6,14]. Figure 1 also shows an

example of the fragmentation of plastic that becomes secondary microplastics.
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Cosmetic Fragmentation of

productos larger plastics

Figure 1. Example of primary (a) and secondary (b) microplastics.

2.1.3 The pathways of microplastics into the environment.

The presence of microplastics in the oceans is mostly originated from a
variety of land-based sources. However, there are other entry points, such as

rivers, coastal inputs, and the atmosphere [30,40].

Some primary microplastics sources are plastic pellets, industrial
abrasives, injection powder, and 3D printing powders, which can get to the ocean
by direct contact or by accidental or operational losses passing through WWTPs
and waterways. On the other hand, there are personal care products composed
of plastic microbeads, that after being used, are instantly released to drainage

and go through WWTPs, arrive to a waterway and finally to the ocean [30].
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Some of the sectors that cause secondary microplastic pollution are
tourism industry, food and drinking retail, households, terrestrial transportation,
plastic recyclers, constructions, and agriculture. The release of these
microplastics occurs because of the fragmentation of packing, pots, pipes, tire
wear dust, and washing fibers [30]. Figure 2 shows some incorporation of

microplastics into aquatic systems.

Figure 2. The entrance of microplastics to the environment. (1)

fragmentation of tire wears and littering, (2) fragmentation of larger
plastics, (3) atmospheric release and dispersion by wind, (4) sewage, and

(5) illegal waste dumping. (Figure made by author).

In contrast with the marine systems, there are significantly fewer reports of
incorporation of microplastics on terrestrial ecosystems. Figure 2 illustrates some

input paths of microplastics, for example littering along the roads and trails (1 and
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2), atmospheric release (3), compost, sewage (4), sludge, and illegal waste

dumping (5) [41].

Once microplastics are incorporated to the environment this are easily
transported. Microplastics can travel driven by the wind, waves, ocean currents,
and terrestrial or aquatic animals. Even if a small amount of plastics or
microplastics is released in a specific area, it can travel thousands of kilometers.
For example, microplastic released in the United Kingdom can be transported and

arrive in other regions or countries [42,43].

2.1.4 Effects of microplastics in marine environments and their biota.

Currently, it is well known the negative impact of microplastics in the marine
environment. It has been documented that a wide range of marine vertebrates
and invertebrates such as zooplankton, seagulls, fishes, whales and turtles ingest
microplastics, which cause them chemical and physical harm [14]. Due to the
chemical surface characteristics of microplastics, these adsorb toxins, heavy
metals, or persistent organic pollutants (POPs). When these ‘polluted’
microplastics are ingested by marine fauna, the adsorbed hazardous chemicals
enter into the trophic web and eventually bioaccumulate, leading to significant
risks such as bio-magnification and bio-amplification of toxic compounds, that

ultimately affect the health of animals and humans [1,12-14,36,44].

Additionally, microplastics can carry invasive species promoting the

alteration of local ecosystems, by the transportation of algal blooms and
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pathogens [40]. The accumulation of microplastics (PVC and PET) in the seabed
promotes the loss of ecosystem services, by preventing gas-exchange and

creating hard-ground [13,45].

2.1.5 Effects of microplastics in terrestrial environments and their biota.

There are only a few studies about the effects, monitoring, and distribution
of microplastics in continental ecosystems. Even though the ocean and soil are
undoubtedly different, the ground contains many characteristics of aquatic
systems. Microplastics can be ingested by micro and mesofauna such as
earthworms, terrestrial snail and birds, and this led to an accumulation of

microplastics in the soil detrital food web [38,46].

One of the linked mechanical impacts between the aquatic and the
terrestrial is the influence of microplastics in the geochemistry and ecotoxicology
[47]. Some of the hypothesized effects of microplastics on plants are the alteration
of soil structure, nutrient immobilization, contaminant transport or adsorption,
direct toxicity, and change of microbial communities in soil and root symbionts

[48].

For all the previous discussed reasons, microplastics have been
recognized as an emerging issue and there is an imperative need for the

searching of technologies to reduce or eliminate microplastic pollution.
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2.1.6 Current strategies for fighting microplastic pollution.

There are currently some waste-reduction strategies that are being
internationally adopted to reduce the use of single-use plastics, and consequently,
to reduce microplastic pollution. For example, some countries have banned the
use of plastics bags and promote the usage of reusable shopping bags. These
strategies can be useful for partially reducing plastic waste and environmental
pollution caused by secondary microplastics. Regarding primary microplastics,
there are some attempts in different countries to ban the use of plastic microbeads
in cosmetics and personal care products [49]. Although these strategies can
partially contribute to the reduction of microplastic pollution, they should be
adopted for all, or at least, for most of the countries where those products are
used to allow a real impact in the fight against this pollutant. As presented in
Section 2.1.3, when microplastics are introduced into the environment, they can
travel from their origin source to other places in the same country or even to
different continents. Then, the plastic waste reduction politics taken by one
particular state may have only a small influence in the global microplastic pollution

issue.

Another strategy to fight microplastic pollution is creating public awareness
about microplastics and their environmental consequences through education at
the public, private, and government sector [14,50]. It is also recommended to
incorporate ocean education, and waste management in different school

programs to reduce plastic consumption [49]. However, this is a long-term
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strategy that will take several years to make a significant impact on society and

the environment.

One possible alternative to fight microplastic pollution in terrestrial
ecosystems is the use of bacteria from earthworm Lumbricus terrestris. Lwanga
et al. 2018 reported that bacteria could decay and reduce the size of low-density
polyethylene (LDPE) microplastics [51]. A disadvantage of this method is that the
worm generates several volatile compounds as byproducts, including
octadecane, eicosane, docosane, and tricosane. The effects of these byproducts
in the different terrestrial interaction (microbe-microbe and microbe-plant) remain

largely unknown [51].

A probable short-term solution could be the WWTPs capable of capturing
microplastics. Although these facilities are common in developed countries, there

are absent or without advance technology in many developing countries [30,52].

As can be inferred from the information presented in this Chapter, there is
a research gap within the field of microplastic pollution remediation. Similarly, the
current fighting strategies against this problem present technological or social
limitations, leading to the increase of microplastic pollution of marine and

terrestrial environments.

One of the advantages of photocatalysis is that it has already proved to
breakdown a wide variety of toxic or hazardous pollutants into less harmful
molecules, such as CO2 and water (a process called mineralization). Although

CO:2 is a greenhouse gas, it is currently possible to capture this compound and
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transform it into other products of technological interest such as low carbon fuels
or chemicals for the industry. A second advantage of photocatalysis is that this
technology can be easily adapted to WWTPs in developing countries by adding
one step on the wastewater treatment process, making possible to reduce and/or
eliminate microplastic pollution from the wastewater effluents before releasing

them into the environment.

Finally, visible-light photocatalysis has the advantage of being considered
a sustainable process that respects two of the twelve principles of green
chemistry. In this case, our process will respect the principle number six, which is
related to the rational use of energy. This will be done by (i) the generation of a
semiconductor active in visible light (and hypothetically active in solar light) by (ii)
a synthetic method conducted at ambient temperature and pressure, called
biomineralization. The second principle that photocatalysis endorses is the
number nine, which is associated with the use of a catalyst to make more efficient
a process [53]. Therefore, in this work, visible-light photocatalysis is proposed as
an attractive and “green” alternative to degrade microplastics and by a synthesis
method call biomineralization using pearl oyster to enhance the properties of the

photocatalyst.
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CHAPTER 3

3. STATE OF THE ART AND CRITICAL ANALAYSIS OF THE
LITERATURE

3.1 Photocatalysis of plastics.

Semiconductors obtained by several synthesis routes can be used to
photocatalytically degrade a wide variety of liquid, solid or gaseous organic
pollutants [54-60]. However, photocatalysis has been only scarcely used to

degrade synthetic polymers such as polyethylene (PE).

Zhao et al. [61] investigated the photocatalytic degradation of PE plastic
under ambient sunlight irradiation with copper phthalocyanine (CuPc) modified
TiO2 (TiO2/CuPc) with an absorption range from 480 to 800 nm, with a proportion
of 80% of anatase and 20% of rutile. In their study, composite films of PE-TiO2
and PE/TiO2/CuPc were exposed to sunlight for 160 h every sunny day. They
authors reported that PE/TiO2/CuPc exhibit a higher degradation rate and yield a

PE weight loss of 36%. They also demonstrated that the photocatalytic reaction
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of PE-TiO2 and PE-TiO2/CuPc films produced volatile mass products and led to
polymer bond scission. This work was tested only in the solid phase, and it had
low weight loss after long light exposure, which may occur due to the synthesis

route (metal doping).

Fa et al. tested the photocatalytic degradation of PE-TiO2 nanocomposite
films with oxidize polyethylene wax (PE-OPW-TiOz), they reported a good
dispersion on the film, an absorption descends under 400 nm. These films were
exposed to UV or solar light irradiation in ambient air for 120 h. They confirm that
OPW, improve the dispersant and compatibility of TiO2z in PE. After irradiation, the
average molecular weight of PE-OPW-TiO2 composite film decreased by 94.3%
[62]. The disadvantage of using film is the low contact between the semiconductor

and the contaminant.

Thomas et al. [63] studied the photocatalytic degradation of PE using
PE/TiO2 composite films under ultraviolet irradiation in ambient air for 200 h. The
PE/TiOz films had an absorption value around 200-350 nm, with a crystalline
anatase structure. The photocatalytic degradation of PE and PE-TIiO2
nanocomposite films were analyzed by weight loss, scanning electron microscope
(SEM) and Fourier transform infrared spectrometer (FTIR). In this case the
percentage of weight loss for the nanocomposite films of 18%. It was also
observed the formation of the carbonyl index after exposure, confirming the
efficiency of using Titania nanopatrticles (TiO2) for plastic degradation. In this work,
the limited bad gap (3.08 eV.) of TiO2 show an application restriction, also it was

needed a long light exposure to obtain low weight, and the photocatalysis was
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tested only in solid phase. The disadvantage of using film is the little contact

between the semiconductor and the contaminant.

The works presented in this section have demonstrated that TiO2 or TiO2-
based semiconductors can be used to degrade PE macro-plastics. For these
particular cases, the semiconductor was dispersed in a PE matrix using organic
solvents to solubilize the PE, resulting in a PE/Semiconductor film composite with
limited contact between the semiconductor and the contaminant. Additionally, the
use of organic solvents is undesirable in the searching of microplastic pollution
remediation technologies that, as stated before, should potentially reduce the

environmental impacts.

3.2 Photocatalysis of microplastics.

Photocatalysis of microplastics is a new field that was first reported in 2018
by our research group. Ariza-Tarazona et al. for example, reported the use of a
bio-inspired porous N-TiO2 for the photocatalytical degradation of primary HDPE
microplastics extracted from a commercial facial scrub. The semiconductor was
prepared by a hydrothermal route at 150 °C/12 h using titanium butoxide as TiO2
precursor and proteins from Mytilus edulis mussels as nitrogen dopant source.
The semiconductor composed of anatase doped with nitrogen, was able to absorb
visible light of 427 nm, and had a particle size between 5 and 10 nm diameter.
The photocatalysis was carried out using HDPE/N-TiO2 composites (prepared

using cyclohexane solvent) in solid (25 °C and 50 % relative humidity) and
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agueous (25 °C, pH = 7) environments with light between 400 - 700 nm [64]. After
degradation, the mass loss, FTIR, and SEM results revealed that up to 7% of the
original plastic was degraded in only 20 h of irradiation in the aqueous
environment. The principal limitation of this work was that photocatalysis was
arrested after 20 h radiation, and this phenomenon was attributed to the limited
contact between the semiconductor and the HDPE in the plastic matrix. It was
hypothesized that the semiconductor in the plastic matrix presents a limited

porosity and consequently, a low surface area that lead to limited degradation.

Tofa et al. [65], tested microplastic degradation of LDPE with Zinc oxide
(ZnO) nanorods that was synthesized by a hydrothermal method that required
350 °C for 1 h. The deterioration of LDPE was carried out in a petri dish containing
water deionized and the photocatalyst for 175 h with visible light illumination in
ambient air. The semiconductor presented a surface area of 6.5, 22, 49 and 55
cm3. These authors did not report a mass loss; however, the changes in
viscoelastic properties of LDPE and the carbonyl and vinyl indices were reported.
The formation of low weight compounds and cracks on the LDPE surface was
reported, together with an increase of 30% in the carbonyl index, and inherent
chromophoric groups as initiators of degradation. This synthesis requires a
hydrothermal treatment (350 °C), and the results are only reflected in the carbonyl

and vinyl index.

The same research group in the same year [66] used ZnO with a deposit
of platinum (ZnO-Pt) to follow the degradation of LDPE films for 175 h. The

synthesis was made by a hydrothermal process at 90 °C and after an annealed

22



in ambiental conditions at 350°C for 1 h. The average diameter and length of ZnO-
Pt were estimated to be 55 um and 960 um, and the absorbance spectra were
recorder over 385 to 750 nm. It was compared the chemical composition of LDPE
by FTIR analysis finding new functional groups after irradiation which suggest
photodegradation. Also, the carbonyl and vinyl index were measured, and it was
shown an increase by 13% and 15% respectively. Visual observation verified
cavities and wrinkles in microplastics after photocatalysis. This study does not

report a mass loss, and the synthesis method require a hydrothermal treatment.

In 2019 and 2020, Ariza-Tarazona et al. [67] test microplastic degradation
of HDPE in different environmental conditions in the aqueous and solid phase.
The main variables were temperature and pH, testing condition of 0, 20, and 40
°C with a pH of 3, 7, and 11. The semiconductor used was N-TiOz synthesized by
a bio-inspired rout, were anatase phase, the nitrogen dopant and an absorption
value of 427 nm was confirmed. The result stated that after 50 h the higher
degradation was obtained in conditions of 0 °C and pH 3 that show a loss weight
of 72.3%, and in contrast, the lowest degradation was obtained with 20 °C and
pH 7 with a weight loss of 0.11%. These results showed that the semiconductor
N-TiO2 is an effective method to degrade HDPE obtained from commercial
scrubs. However, it is needed extreme environmental conditions (low temperature
of 0 °C and pH 3) to archived functional degradation, which limits its practical

application.

From the previous reports, it appears that some progress in the

remediation of microplastic pollution by photocatalysis in aqueous environments
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have been made. However, there are two major gaps in this field. The first one is
the lack of reports dealing with the effect of microplastic’s particle size in the
photocatalytic degradation process. As previously stated, the GESAMP and
UNEP definition for microplastics include a wide range of particle sizes (from few
microns up to 5 mm). Photocatalysis is a surface-related phenomenon where the
interaction between the semiconductor and the pollutant is key during
degradation, being the particle size the factor governing the effective interaction
area between the components. Thus, the influence of the microplastic’s particle
size in the degradation process may not be negligible and should be taken into

account to design an efficient degradation process.

The second gap involves the use of relatively high energy-consuming
synthesis routes (thermal treatment 350 °C) for the semiconductors applied in the
degradation of microplastics. The current trend in the development of strategies
for pollution remediation dictates that the environmental impacts associated with
the remediation process must be as lower as possible. In this regard, the previous
reports of Ariza-Tarazona et al. show that the only approach that have been used
to reduce the energy consumed during the synthesis of the semiconductor is a
hydrothermal route at 150 °C/12 h. However, even this route requires heating for
a relatively long period of time. Thus, searching for synthesis routes of TiOz or
TiO2-based semiconductors should be done to reduce the environmental impact

of the photocatalytic remediation of microplastic pollution.

In this thesis work, the previous gaps were fulfilled by (i) using the

biomineralization synthesis procedure to obtain a TiO2-based semiconductor
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through a low energy-consumption process called biomineralization and (ii) by
carrying out photocatalysis using two primary HDPE microplastics of different
particle sizes. As there are no reports regarding the effect of microplastic’s size in
the photocatalytic process, the next section only presents the works that have

been conducted to biomineralize TiO2-based materials.

3.3 Biomineralization of semiconductors.

Xie et al. [25] evaluated the direct implantation or pasting of an amorphous
TiO2 precursor (in the form of a tablet) into living freshwater mussels Cristaria
plicata at room temperature. The fundament of the synthesis process relies on a
natural process occurring in all mollusk species called ‘biomineralization’ relative
to the formation of all components of the shell, including the external
(periostracum), middle (prismatic layer) and internal (nacre layer) (Fougerouse et
al. 2008; Awaji and Machii 2011). The synthesis procedure was designed based
in the pearl cultivation process, as C. plicata has been previously used to
biomineralize artificial pearls. The authors found that after mineralization in the
mussel’s body for 15 — 90 days, the amorphous TiO2 precursor was transformed
into N-doped anatase TiO2 with a hierarchical porous microstructure after day 60.
In other words, the living mussels acted as a “reaction chamber” where the
disordered atoms of the amorphous TiO2 material were rearranged into its
anatase crystalline form; and where nitrogen was incorporated into the crystal

structure during mineralization. The incorporation of nitrogen in the TiO2
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microstructure and the presence of hierarchical porosity in the final materials was
explained by the interaction of the amorphous TiO2 with the intracellular proteins
of the mussels. On the other hand, the crystallization of TiO2 was attributed to the
intracellular proteins which directed the amorphous-anatase transition of the

semiconductor.

Regarding the photocatalytic properties of the biomineralized material,
authors reported that the N-TiO2 incubated for 90 days had a superficial area of
206 m? gt and a pore volume of 0.22 m3g* with a hierarchically porous structure
that improved the photocatalytic activity. The synthesized N-TiO2 displayed an
improved photocatalytic activity in visible-light reporting absorption from 380 — 650
nm owing to the nitrogen doping and exhibit superior degradation of RhB that

pristine TiO2.

The analysis of the previous work revealed that there has been only one
effort to obtain a visible-active semiconductor by the low energy-consuming
biomineralization process using a Chinese freshwater pearl mussel. However,
other bivalve species of commercial interest or that are already used in pearl
cultivation have not been tested for semiconductor obtainment. Therefore, there
is a research gap for the determination of the ability of bivalve pearl-forming
species other than C. plicata for production visible-active semiconductors. To fill
this gap, the Mexican pearl oyster Pteria sterna, which is already used in
commercial pearl cultivation in Mexico, was tested for the obtainment of a

crystalline N-TiO2 semiconductor.
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CHAPTER 4

4. HYPOTHESIS AND OBJECTIVES

4.1 Hypothesis.

The N-TiO2 semiconductor obtained by a natural biomineralization process
within a Mexican pearl-forming oyster will photocatalytically degrade PE

microplastics in an aqueous environment.

4.2  General objective.

Evaluate the reliabilty of an N-TiO2 semiconductor formed by
biomineralization within one Mexican pearl-forming oyster and test the
photocatalytic properties of the obtained material for the degradation of PE

microplastics in an aqueous environment.
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4.3

4.4

Specific objectives.

Synthetize an N-TiO2 semiconductor through biomineralization using the
wing pearl oyster Pteria sterna.

Characterize the biomineralized semiconductor in terms of crystallographic
composition, chemical composition, light absorption properties and
microstructure and morphological characteristics.

Evaluate the photocatalytic degradation of PE microplastics in an aqueous

medium using the N-TiO2 semiconductor synthesized by biomineralization.

Scientific contribution.

Use of one pearl-forming Mexican pearl oyster for the synthesis of N-TiO2

semiconductors, as well their application for the photocatalytic degradation of

polyethylene (PE) microplastics in an aqueous medium.
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CHAPTER 5

5. THEORETICAL FRAMEWORK

In this Chapter, the theoretical framework of all the physicochemical

phenomena involved in this thesis research is presented.

5.1 Photocatalysis.

Photocatalysis is defined as a photochemical reaction at a solid surface in
presence of a catalyst, usually a semiconductor, and light. Since the early 70’s,
photocatalysis has been investigated to be applied in the development of new
technologies such as environmental bioremediation, alternative green energy,
self-cleaning materials, and wastewater treatment [68,69].

Photocatalysis is based in the interaction of a semiconductor with a

pollutant adsorbed on its surface and light, as presented in Figure 3.
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Figure 3. Mechanism of photocatalysis. The scheme took from Byrne et

al., [70].

When the semiconductor is bombarded with photons with energy equal or
higher than its band gap (E 2 Eg); the electrons (e-) on the valance band are
transferred into the conduction band, leaving behind a positive hole (h*) (Equation

1) [71]

hv i
TiO, —> ez + hifp Equation 1

After separation of the electron-hole pair, if each one separately migrates
to the surface, a reaction of reduction or oxidation can successfully occur. The
holes react with water in a liquid or vapor state or hydroxyl groups adsorbed in
the surface of the semiconductor, generating hydroxyl radicals (OH") (Equation

(1.1) [71]
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h* + H,044s » OH,4s + H* Equation 1.1

The hydroxyl radicals can be detached from the surface and interact with
molecules in the bulk of the solution, whereas direct capture of holes requires
adsorption of the donor species [72]. Electrons react with adsorbed oxygen to
form superoxide anion radicals (O2*) [73,74], this phenomena is shown in

Equation 1.2 [71].

ec,surf T O2(ads) = 02 Equation 1.2

From hydrogen ions or water molecules the protons are transferred to the

superoxide molecules, these yields the neutral hydroperoxyl radical HO;

05" +H" > HO; Equation 1.3

To produce hydrogen peroxide H202 the hydroperoxyl radical reacts with
the superoxide molecules and hydrogen ions. Superoxide and hydroperoxyl

radicals are reactive oxygen species (ROS) and are essential in degradation.

H* + 05 + HO; - H,0, + 0, Equation 1.4

Photoconversion of hydrogen peroxide gives more OH* free radical groups.

H,0, + hv - H,0, + hv -» 2 OH® Equation 1.5
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In the surface of the titanium dioxide particles the OH* radicals oxidize

organic adsorbed pollutants (RXad).

OH_; + RX ;4 = Intermediates Equation 1.6

Because of the reactivity of the OH* radicals, they attack the molecules of
the pollutant, carrying out the degradation into simpler or less hazardous
molecules or mineralize it into carbon dioxide and water and the eventual mineral

acids [68,71,75].

The reduction or oxidative abilities are determined by the energy level at
the conduction and valence band. The efficiency of the process can be limited by
the e — h* pair recombination, which wastes the photon energy necessary for the

reaction [68].

5.2 Semiconductors.

Semiconductor materials are neither fully conductor nor insulators. The
energy gap for electronic excitations lies between zero and about four electron
volts (eV). This means that the band-gap of semiconductors is more than of

conductor and less that of insulators [76,77].

The electronic structure of a semiconductor consists of a valence band

filled with electrons while the conduction band is empty, this has a significant

32



influence on its photocatalytic performances. This characteristic allows the
semiconductors to act as sensitizers for light-reduced redox processes. A photon
with a higher or equal energy of the semiconductor’s band-gap can promote an
electron from the valence band, into the conduction band, leaving a hole behind

[78].

Another characteristic of semiconductors is that their electronic properties
can be modified by the controlled addition of impurities known as dopants. The
doping of semiconductor for photocatalysis is considered a viable alternative to

improve visible light absorption and yields new properties [79].

A semiconductor photocatalyst needs a list of characteristics to be
considered an ideal material. It should be chemical and biological inert
(nontoxicity), easy of prepare, low cost, be activated by sunlight, and have long

term stability and photocatalytical activity (strong oxidative) [70,80].

There are several semiconductors with different properties used in
photocatalysis, but as already stated, an ideal photocatalyst does not exist. Table

1 shows some photocatalytic semiconductors used for photocatalysis [81].
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Table 1. Conventional photocatalytic semiconductors, band-gap energy, and the
corresponding absorption edge.

Semiconductor Band gap (eV) Absorption edge
(nm)
TiO2 3.2 388
Zn0O 3.2 388
WOs 2.8 443
Fe203 2.3 539
Cu20 20-2.2 564 - 620
Fe-TiO2 2.97 417
Ag-TiO2 3.2 388
N-TiO2 2.8 443
C-TiO2 3.0 413

Titanium dioxide (TiOz) is close to reaching all the criteria for an ideal
semiconductor and it is well known that TiO2 has a lot of properties that make it
the most attractive photocatalyst. Some of these characteristics are the wide
operating pH range, is biologically inert, environmentally benign, biocompatible,
highly stable, available, and a low-cost metal oxide photocatalyst that can

degrade a spectrum of contaminants efficiently [70].
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5.2.1 TiO2 photocatalyst.

TiO2 have three different well-known crystalline phases: rutile, anatase,
and brookite. The three types are composed of octahedra (TiOs,) but with various
distortions.

All three phases have different characteristics because of the Ti-O bond.
For instance, the most stable phase is rutile, yet anatase is the most photoactive
phase. The difference between them provides a useful application in diverse
fields. For photocatalysis proposes anatase and rutile phase are used, but
anatase is preferred because it improves charge-carrier mobility and the higher

number of surface hydroxyl group [75].

The biggest disadvantage of anatase TiO:z is its large band-gap [82]. To
address this problem, researchers started to consider the doping TiO2 with non-
metal atoms such as nitrogen, carbon, sulphur, phosphorous, boron, oxygen,
fluorine and combinations of these elements to obtain visible light photoactivity
[83]. Doping TiO2 modifies the semiconductor energy band-gap effectively and
accelerate electron-hole separation. Similarly, it can lead to a redshift in the optical
absorption edge of TiO2 to lower energy, leading to an improvement in the

photocatalytic activity under visible light [84].

The doping of TiO2 with nitrogen (N-TiOz2) is one of the most studied system
[69] to address the problem of the restrictive photoactivity, researchers started to
consider the doping TiO2 with non-metal atoms in order to obtain visible light

photoactivity.
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There are different types of synthesis routes for the obtainment of TiO2 or
visible-active TiO2-doped materials. The sol-gel method is one of the most used
because it allows the preparation of semiconductors in the form of powders and
films. It involves a relatively simple procedure, not requiring sophisticated
equipment and enabling control of the final characteristics of the product by

modification of the precursor solution [85,86].

Usually, sol-gel synthesis routes are considered as "environmentally
friendly” because of the use of post-heating thermal treatments at relatively low
temperatures, which allow crystallization of the TiO2 photocatalytic phases.
However, depending of the desired characteristics of the semiconductor or the
specific photocatalysts targeted, thermal treatments at temperatures up to 600 °C

are needed.

As stated earlier, the current trends in semiconductor design involves the
development of low-energy consumption synthesis procedures. In this work, the
biomineralization process using pearl-forming oysters was investigated for the
crystallization and doping of an amorphous TiO2 semiconductor. To understand
this process, Section 5.2 presents a brief summary regarding the differences
between amorphous and crystalline materials, and Section 5.3 presents the

known fundamentals of biomineralization.
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5.3 Crystalline and amorphous solids.

Solids can be amorphous or crystalline. It is considered a crystalline solid
when it contains a rigid lattice of molecules, atoms or ions at a specific location.
In other words, a crystalline material contains billions of unit cells, which
periodically repeat in all three dimensions, and these arrangements are
characteristics for every material. The crystals have a regularity in their internal
structure that results in characteristic crystal shape, surface, grow, and planes
[87].

An amorphous solid presents a random arrangement of their molecules,
while the regular order of molecules in crystalline solids allow most of them to
have mechanical, electrical, magnetic or optical proprieties according to the
direction in which is measured these proprieties can vary. These enhanced
properties make the crystalline solids an exciting topic for research to develop
new technologies as solutions to some modern problems [87].

Amorphous solids can be subjected to the rearrangement of their atoms to
become crystalline. Thermal methods are typically applied to crystallize the
amorphous solids. These methods require a considerable quantity of energy due
to high operating temperatures. The crystallization temperature is the temperature
at which an amophous solid crystalize. The amount of temperature in the form of
energy plays a crucial role in the final morphology of the crystalline structure. The
crystallization temperature can vary depending on the material. Since some

thermal treatments need = 800°C for long time periods to obtain a crystallization,
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finding better crystallization methods should involve the consumption of

renewable energy [88].

5.3.1 Crystallization of solids by biomineralization.

The crystallization of solid materials by biomineralization is common in
nature. This method allows some marine organisms, particularly those with
calcareous structures (e.g. shell, spines), to accumulate and form minerals that
eventually are transformed into biological structures or body tissues [89,90]. A
good example of mineralization occurring in marine environments is bironite, the
most stable carbonate dolomite obtained from marine calcareous environments,
and in terms of chemical composition, has many similarities with calcium
carbonate and with nacre [91].

In nature, it is well known that amorphous calcium carbonate (ACC) phase
is a precursor for calcite and aragonite crystals. The chemical structure of these
two inorganic compounds is the same (CaCO3), yet the solid crystalline structures

are different, as shown in Figure 4.

a b

Figure 4. Calcite (a) and aragonite structure (b). Ca (green), O (red),
and C (gray). Structures taken from Omair et al. [92].
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Both compounds can be found in abundance in most marine and
freshwater mollusks (e.g. oysters, mussels, scallops, clams, conchs, snails,
abalone, etc.) and resembles a model of a brick wall (blue) and cement (red lines)
(Figure 5). The figure resembles a model of construction; the polygonal crystals
or aragonite are the bricks and the polysaccharide and protein framework
orthogonally intermingled with the calcite crystals are the cement. Still, the
molecular details of their mechanisms for nucleation and growth are still under

investigation [90,93].

Figure 5. Architectural arrangement of the shell of a marine pearl oyster

of the genus Pinctada, (Taken from Levi et al. [94]).

An advantage of the crystallization of solids by biomineralization is that it
allows the organisms to obtain minerals from nature with the precise shape,
texture, size, crystallinity, composition, and expansion factor at environmental

temperature. If the biomineralization mechanisms are investigated and correctly
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understood, they can led to the production of new materials for medical and other

technological applications [95].

5.4 Biomineralization (fundamentals).

Biomineralization is the process by which minerals are directly formed by
a living calcareous organism. This process is conducted by precipitation and
reactions that convert ions taken from the environment into solid minerals within
the animal’'s body tissues. Biomineralization involves the manipulation of the
inorganic crystal nucleation, growth, and molecular arrangement to produce
mineral with enhanced optical, mechanical or magnetic properties.

Biomineralization process is divided into two distinct categories, including
biologically-induced and biologically-controlled. The Bio-induced
biomineralization is more “primitive” and forms biominerals that usually lack a
unique morphology and are disorganized and irregular. In contrast, in the bio-
controlled biomineralization, the nucleation, growth, morphology and final location
of the deposited minerals are directed by the cellular activities of the organism.
This process occurs in an isolated environment, and the result is a specie-specific

product that gives to the organism a specialized biological function.

The mechanisms of biomineralization are still under investigation because
they are involved in different biological systems. This system is complex and has
a vast diversity because each organism produces and exploits minerals with

different purposes, and more than 60 different types of biominerals. The
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composition of biominerals include calcium phosphate, calcium carbonate, and
oxidation silicon [90]. This considerable diversity of forms having a different

mechanism and final products [90].

Some examples of biominerals formations that have been identified are
bones that support movement in vertebrates, shells that protect the soft tissue in
bivalves, magnetosomes found in magnetotactic bacterial that allows them to
perceive the changes of the geomagnetic field, raphides as a protective device in
plants, otoliths in fishes for balancing movements [90,95].

In gastropods and bivalve (marine and freshwater) mollusks, the relevance
of biomineralization is clearly represented in the formation of the shell. The shell
is a hard structure that provides symmetry, support and protection to soft body
tissues and allows the mollusk to grow. Growth, together with shell formation and
repair, are strongly dependent on calcium ions (CaCO3s), which originate from
calcium and bicarbonate present in the extrapallial fluid. All these ions are
transported from the pallial cavity to the shell via the mantle tissue that acts as a
repository of nutrients that are either stored and mobilized according to the needs
of the mollusk [96].

Anatomically, mantle tissue is organized in three distinctive zones:
marginal (formed by the external, middle, and internal lobes), pallial (or sub-
marginal) and central [89]. In turn, the lobes from the marginal zone participate in
forming the three constitutive layers of the shell, periostracum (external layer),

mesostracum (middle layer), and endostracum (internal layer). The internal layer
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gives the distinctive species-dependent micro-arrangement of calcite and
aragonite compounds that display luster or opacity of the nacre layer [94,97].
Histologically, mantle tissue is formed by an internal and external covering
epithelium separated by connective tissue layers, nerves, and collagen and
muscle fibers [98]. In the marginal zone in particular, several kinds of cells with
high enzymatic activity participate in the transport of ions (CaCOs, calcite,
aragonite), synthesis of polysaccharides and proteins (cochiolin) that participate
in the formation of the shell and nacre. Nacre is the polymorphic arrangement
most studied by man for cultivating pearls [89]. This marginal mantle also plays a
key role in the defense mechanism of mollusks, which has also been imitated by
man to develop the original grafting technique. This technique is aimed to provoke
an injury to the mollusk receiving the nuclei and mantle allograft, under the
assumption that the animal will respond secreting nacre to disable these external

agents [93,94].

5.4.1 Biomineralization with pearl oysters.

Among mollusks, pearl oysters represent one of the best examples of
biomineralization tied to the synthesis of nacre material during the process of pearl
production [90,99,100]. The members of the genus Pinctada (Pinctada fucata, P.
margaritifera, P. maxima) and Pteria (Pteria penguin, P. sterna) produce

multicolor iridescent nacre that is highly valued in the pearling industry [101].
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The mantle secreted complex calcified layers that are subdivided into the

periostracum, prismatic, and nacreous layer that are shown in Figure 6.

Periostracum

Prismatic

Nacreous

Figure 6. The shell of Pteria sterna and the layers subdivision.

In the black-lip pearl oyster (P. margaritifera), the nacreous layer is
composed of aragonite tablets that regulate the formation and growth of the shell,
as a result a light and resistant material is formed. There are six different types of
crystal structures for CaCOs, calcite, aragonite, vaterite, CaCOs-H20,
CaCO0s3:-6H20 and amorphous calcium carbonate (ACC). This ACC is considered
the precursor in shell formation, and the biomineralization involves the formation,
destabilization and transformation of ACC, which is controlled by the organism
[90]. Additionally, some pigments provide the structural and chromatic elements
related to the hardness, opacity or bright of the nacre layer. In general, calcite
prisms are black, while the nacreous layers are white [100]. Finally, the nacreous
layer plays an essential role in enhancing mechanical properties by spreading the

force in the aragonite and significantly improving the shell force [95].
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Biomineralization in pearl oyster can be seen in the pearl and shell
formation. The process of pearl formation in oysters involves nacre
biomineralization which is very complex [99,102]. However, in general terms the
process formation of the shell can be described in three steps, the first is the
absorption of calcareous materials inside the organism, the second is the
secretion from the mantle of the shell material and the third is the transformation
of the secreted material into CaCOs crystals where the organic matrix help in the

cementation of the crystals [103].
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CHAPTER 6

6. EXPERIMENTAL PROCEDURES

Due to the relatively long processing times of biomineralization, the
operational parameters for the photocatalytic tests were determined at the same
time that biomineralization by using two semiconductors with the characteristics

expected for the biomineralized materials.

A sol-gel derived and a hydrothermal derived porous N-TiO2
semiconductors with anatase phase, high surface area and active in visible light
were used to set the operational parameters that were used in the photocatalytic
experiments with the biomineralized materials. Those parameters were the model
pollutant (HDPE or LDPE), the shape (films or spheres) and size (two sizes for
each one) of the pollutant and the semiconductor presentation (film or powders).
The last parameter was tested because it is known that using coatings instead of
powders avoids practical limitations in the eventuality of the scalation of
photocatalysis for application in WWTPs.

6.1 Microplastics obtainment and characterization

Two types of microplastics were used in this work. The primary high-
density polyethylene (HDPE) microplastics in form of beads were extracted from

three different commercial facial scrubs according to the procedure reported by
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Napper et al. [104]. For each brand, 500 ml of distilled boiling water and 60 g of
the scrub were mixed and the solution was cooled down for a couple of minutes.
The warm mixture was then filtered with a cloth filter with an approximated pore
size of 500 um. The microplastics obtained after filtration were repeatedly washed
with distilled water, dried at 30 °C for 24 h and stored until use.

The secondary low-density polyethylene (LDPE) microplastics in the form
of films with dimensions of 5x5 cm and 3x3 cm were obtained by mechanical
fragmentation of a commercially available LDPE plastic bag.

The shape and the size of the microplastics was evaluated by optical
microscopy (OM) using a Leica ICC50 W camera incorporated in a Leica DME
optical microscope (30 measurements). For the analysis of the polymer type and
the functional groups present in the plastics, Fourier-transformed infrared
spectroscopy (FTIR) was used in a BRUKER Alpha Il spectrometer equipped with
a diamond ATR accessory. The obtained spectra were compared to a spectral
database of synthetic polymers. The crystalline microplastics were also analysed
by X-ray diffraction, using a PANAlitycal X’Pert Pro diffractometer with Cu Kal

radiation.

6.2 Biomineralization.

The biomineralization synthesis was performed following the methodology
reported by Xie et al. [25] in the facilities of the commercial pearl farm Perlas del

Cortez S. de R.L. M.1, located in Pichilingue, Baja California Sur, Mexico (Figure
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7a). For incubation, the organisms were placed in a cage and sited in “the line”,

as illustrated in Figure 7b.

Figure 7. Facilities of Perlas del Cortez (a) and the line (b).

6.2.1 Amorphous TiO2 obtainment.

The amorphous precursors of TiO2 were prepared by a typical sol-gel
method (without heat treatment for anatase crystallization) with titanium (1V)
butoxide (TBT) (97%, Sigma Aldrich), ethanol (99.6%, Aldrich), and acetic acid
glacial (99.8%, Aldrich). 5 mL of TBT were diluted in 20 mL of ethanol; after this,
1mL of acetic acid was added. The solution was kept in continuous stirring at 300
rpm for two h at room temperature; hereafter, a transparent homogenous gel was
obtained. The gel was dried at 100 °C for 24 h, and the obtained yellow
amorphous agglomerated powders were ground in an agate mortar. The

amorphous powders (500 mg) were compressed using a mechanical press
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CARVER, model 4350-L with a pressure of 18,000 Pa for 25 minutes to form the
tablets. The amorphous TiO2 precursor tablets had a diameter of 13 mm and a

thickness of 3 mm.

6.2.2 Organism obtainment and characterization.

The pearl oyster specie (a marine bivalve) that was used was Pteria sterna

(P. sterna), also called nacre shell. Figure 8 shows the pearls oyster.

Figure 8. Pearls oyster Pteria sterna.

Sixteen organisms were purchased from the pearl farm Perlas del Cortez S. de

R.L. M.I. This company owns permission from SEMARNAT to collect and use

these organisms.

The individuals were viable juveniles with a size between 12 and 16 cm of

high. The main characteristics of this specie include its small size, the wing shape
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of the shell and the extensive range of colors of their nacreous shell. Their natural
habitat distribution goes from the interior of the Gulf of California and the Pacific,
going from Mexico to Peru.

The oysters were kept in their natural environment inside oyster pearl

culture cages (Figure 9a), in the line of the pearl farms (Figure 9b).

Figure 9. Culture cages (a) and the line were organism were kept (b).

6.2.3 Relaxation methodology.

Tablet implantation (or nucleus implantation in artificial pearl cultivation) is
considered a surgical intervention and the organisms must be relaxed before
being subjected to this process. Benzocaine was used to proceed with the
relaxation of the organisms. Details regarding the concentration and dispersion
medium are not presented due to industrial secret. The animals were submerged
in the benzocaine solution between 20-30 minutes up to total relaxation. When
the organisms started to show some indicators of looseness (slightly opening of

the valves), the valves were carefully opened with a shell opener and a plastic
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wedge was placed between the valves to encourage total relaxation of the animal,
like illustrated in Figure 10. This procedure was made while the organisms were

submerged in the benzocaine solution.

Figure 10. Relaxation methodology.

6.2.4 Tablet implantation.

After total relaxation of the organism, the mantle was distended. The
mantle was retracted carefully to expose the nacreous layer and the whole layer
of periostracum. Once these two layers were uncovered, a sponge was used to
dry the area to proceed with the implantation. To attach the precursors tables to
each organism, a commercial cyanoacrylate glue with a brush was used. Three
precursor tablets were attached to each organism. The implantation was made

between the nacreous and the periostracum layer (see Figure 11), placing two
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tablets in different sites of one valve and if possible, another tablet in the center

of the other valve.

Figure 11. Implantation of one precursor tablet.

After the attachment, the animals were kept in a recuperation chamber with warm
saltwater (the chamber was exposed to natural solar light) until they were
recovered from the relaxation. Afterwards, the organisms were returned to their
natural environment inside a pearl oyster culture cage. The cage was placed in
the pearl production line of the farm. The precursor tablets were incubated inside

the P. sterna for 20, 32, 77, and 90 days.

6.2.5 Tablet extraction.

After incubation, the precursor tablets were extracted from the organisms.
and the nacreous layer was removed from the biomineralized TiO2 materials.
Tablet extraction was made using two different approaches. In the first one, the

animal was sacrificed in order to completely recover the tablet. This approach is
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the one used in artificial pearl cultivation. In the second approach, the animal was
relaxed using the procedure described in Section 6.2.2, and the nacreous layer
was broken to recover the biomineralized tablet. The second approach was
performed to determine if the organism can survive to a complete cycle of
relaxation — tablet implantation — incubation (biomineralization) — relaxation -
tablet extraction and if the organism can be further used by the pearl farm for pearl

cultivation.

6.3 Semiconductor characterization.

In this section, the analytical techniques that were used to characterize all
the semiconductors used in this work are presented.

The crystallographic composition of the semiconductors was evaluated by
X-Ray Diffraction (XRD), using a Siemens D5000 diffractometer with Cu Kal
radiation. The presence of functional groups and carbon or nitrogen doping was
determined by attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy using a BRUKER ALPHA Il FTIR spectrometer, by averaging 32
scans between 4000 and 400 cm with a 4 cm spectral resolution.

The Eg value was calculated from the Diffuse reflectance spectra (DRS),
measured in the 200-800 nm range on an Agilent technologies Cary 5000
spectrometer equipped with an integration sphere for solids. Ba2SO4 was used as
100% reflectance reference. The data from the DRS spectrum was transformed

using the Kubelka-Munk theory:
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F(R) = (1-R)%/2R Equation 2

Where the F(R) is the transformed reflectance and R is the reflectance
[105], and the Eg value was obtained from the intercept of a straight line from
linear region with the abscissa axis of a Tauc plot.

The microstructure was determined using a FEI Nova NanoSEM 450 Field

Emission SEM (FEG-SEM), in immersion lens mode.

6.4 Determination of the pollutant model, particle shape and size and

semiconductor presentation.

The photocatalysis of microplastics is a new field that was reported for the
first time in 2019. Thus, to date there is limited information regarding the
operational parameters of the reaction that may improve photocatalytic
degradation.

To set the operational parameters for the determination of the
photocatalytic activity of the biomineralized materials, preliminary tests were
carried out. Two N-TiO2 semiconductors with the same properties expected for
the biomineralized materials were used: one derived from a typical sol-gel process
(identified as sol-gel N-TiO2) and the other derived from mussels’ proteins
(identified as bioinspired N-TiO2). The tests were carried out using these
semiconductors because the following three reasons:

() the relatively long times for biomineralization (compared with the

available experimental time during a two-year postgraduate program);
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(ii) the quantity of the obtained biomineralized materials was not enough to
conduct both preliminary and photocatalytic tests, and
(ii) the physicochemical characteristics of both the sol-gel and bioinspired

semiconductors were similar to those expected for the biomineralized materials.

6.4.1 Sol-gel and bioinspired synthesis for preliminary tests.

The sol-gel derived N-TiO2 was obtained by the EISA (evaporation-induced
self-assembling) method, which uses surfactants as pore forming agents and
leads to the formation of a mesoporous material with relatively high surface area.
The semiconductor was directly obtained in the form of a coating. It was prepared
by mixing 2.0 mL of titanium tetrachloride (TiCls), 42.5 mL of anhydrous ethanol,
1.1375 g of Pluronic F127, 3.3 mL of distilled water, and 1.2 g of urea. The sol
was stirred at room temperature for 5 min and the films were deposited on a clean
glass substrate by dip coating using an immersion and emersion speed of 100
mm/min, and a dip duration of 60 s. The fresh films were exposed to water vapors
for 30 s (by previously boiling distillated water) and then subjected to thermal
treatment at 200 °C during 2h to stabilize the mesoporous structure. After that, a
thermal treatment at 500 °C for 3 h was performed to crystalize the anatase
polymorph of TiO2 [106]. The powders of this semiconductor were obtained using
the same synthesis, procedure but drying the gel at 100 °C for 24 h and then

calcinating the obtained powders at 500 °C for 3h.

The bioinspired N-TiO2 was prepared by mixing 20 mL of the extrapallial

fluid (EPF) of a mussel called Mytilus edulis (the EPF contains proteins that act
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as pore forming agents and nitrogen-doping source) and 4 mL of titanium butoxide
(TBT) for 2 h [107]. Hydrolysis was performed for 2 h at room temperature with
constant stirring. Mineralization was then performed at room temperature for 4 h
without stirring. Finally, the mixture was transferred to a Teflon-lined steel
autoclave and subjected to a hydrothermal treatment at 150 °C for 12 h. The
obtained crystalline powder was washed with distilled water and an aqueous
dispersion of the powder (5g/50 mL) was prepared and used to prepare the
coatings over the clean glass substrates by dip coating. The obtained coating was

dried at 100 °C for 1 h.

Both materials were characterized using the analytical techniques and procedures
described in Section 6.3.

In this work, the model pollutant, the size and shape of the microplastics
and the semiconductor presentation were considered important operational
factors that may affect the photocatalytic degradation process. Thus, these factors
were investigated during the preliminary tests, in order to set the most favorable
test conditions for the determination of the photocatalytic properties of the

biomineralized semiconductors.

6.4.2 Model pollutants for preliminary tests.

Two different types of microplastics (HDPE and LDPE), with different
particle sizes and shapes were tested. The spherical HDPE microplastics were
extracted from two commercially available facials scrubs, according to Napper et

al. procedure [104]. Depending of the commercial brand, two sizes were obtained:
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814.21 + 90.61 pm (blue spheres) for Brand A and 381.87 + 153.69 um (orange
and white spheres) for Brand B. The LDPE microplastics were obtained by cutting

a commercial LDPE bag in squared films of 5x5 cm and 3x3 cm.

6.4.3 Preliminary photocatalytic tests.

The preliminary photocatalytic tests with the semiconductor’s coatings
were performed using a 100 mL glass container. First, a dispersion of 200 mg of
the microplastics in 50 mL of the pH 3 buffer was prepared. The coated substrates
were immersed in the dispersion and the glass container was placed inside a
closed reactor chamber equipped with a stirring plate, a temperature thermostat
and a 50 W Visible led lamp (Artilite, Slim LED, 400 — 800 nm). The experimental

setup is presented in Figure 12.

[ 20 °C (£3) ]

pH 3
200 mg of
microplastic

Figure 12. Experimental procedure for preliminary photocatalytic tests.
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The tests were performed at 20 °C (£ 3 °C), and pH 3 [108]. The pH was
kept constant using a buffer made of acetic acid (CHs COOH) (0.1M) and sodium
acetate (C2H3sNaO2) (0.1M). The irradiation source was kept at 22 cm from the
samples. The system was irradiated for 50 h. Degradation was followed by
changes in the mass of the microplastics. The mass was determined using a
(ACZER, CY224C) analytical balance [108].

Mass loss was calculated using the following Equation:

Mass loss (%) = [(Mo — M)/Mo] x 100 Equation 3

where Mo is the initial mass of the MPs and M is the mass remaining after

irradiation.

In the case of the preliminary tests using the semiconductors in the form of
powders, the same procedure was followed by substituting the N-TiO2-coated
substrate with 200 mg of the powder materials. These tests were only performed
for the film-shaped microplastics, as the research group has experimental
evidence that the photocatalysis of spherical particles using a semiconductor in

the form of powder is possible [108].

The different preliminary test conditions are summarized in Table 2. The
preliminary tests of the “small” HDPE and LDPE microplastics for the bioinspired
N-TiO2 were not performed due to systematic errors and experimental time

limitations.
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Table 2. Description of the preliminary photocatalytic tests with a constant
temperature of 20°C £ 3, and pH3.

Semiconductor Type of Size Irradiation time

microplastic

HDPE 381.87 +153.69
Mesoporous pHm 50 h
(coating) 814.21 £ 90.61 ym
LDPE 5X5mm
3 X3 mm
HDPE 814.21 £ 90.61 pm
Bioinspired LDPE 5x5mm 50 h
(coating)
Bioinspired L DPE S X5 cm S0h
(powder) 3x3mm 30h

6.5 Photocatalysis of microplastics with the biomineralized materials.

From the results obtained in the preliminary tests, the operational
conditions for the photocatalytic degradation of microplastics using the
biomineralized semiconductors were set. The selected model pollutant was the
HDPE in spherical form, and two sizes were tested (381.87 or 814.21 ym). The
photocatalyst was used in the form of powders.

Two biomineralized semiconductors labelled as PS32N and PS90N were
selected for the photocatalytic tests. The samples were incubated in P. sterna for

32 and 90 days, respectively and both were found to be coated with nacre (N)
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when extracted from the oyster. The semiconductors were selected based in (i)
the available quantities of powder after biomineralization and (ii) the light
absorption properties of the biomineralized materials. The sol-gel derived
amorphous precursor (not subjected to biomineralization) was also tested
(labelled as “amorphous”).

The photocatalytic experiments were carried out in the same reaction
system described in Section 6.4.3. The tests were performed by adding 45 mg of
the semiconductor and 45 mg of the HDPE microplastics to 50 mL of distilled
water (pH 7-8) in a glass container. The container was placed inside the chamber
at 12 cm from the lamp. The temperature was set at 33 °C (£ 3 °C). The reaction
was performed under Visible light using a 50 W visible LED lamp (Fari, IP65) and
continuous stirring. The photolysis experiments were carried out at the same
conditions without semiconductors. The whole experimental setup is presented in

Figure 13.

[ 33 °C (3) ]

45 mg of MP’s +
45 mg of TiO2

[ Distilled water ]

Figure 13. Experimental procedure for photocatalytic tests.
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Degradation was followed by changes in the mass loss, the surface
morphology and the infrared spectrum of the microplastics. The mass was
determined using an analytical balance and the mass loss was calculated using
Equation 5. The surface morphology of the microplastics was observed by optical
microscopy using a Leica EZ4 stereomicroscope instrument. Infrared spectra
were recorded in a Vertex 70 ATR-FTIR Bruker spectrometer by averaging 32
scans between 4000 and 400 cm*. Vinyl and unsaturated vinylidene indexes were
calculated from the FTIR spectra of the microplastics after photocatalysis using

equations 4 and 5 [109,110].

Vinyl index (VI) = Asoa/A2920 Equation 4

Unsaturated vinylidene index (UVI) = Asss/A2920 Equation 5

The different microplastics, semiconductors and conditions used in the

experiments are summarized in Table 3.
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Table 3. Description of the photocatalytic tests using the biomineralized

materials.
Microplastic Semiconductor  Temperature Irradiation time
Amorphous
HDPE PS32N 33°C (+/- 3°C) 30h
(381.87 £ 153.69 um) PS90N
Amorphous
HDPE PS32N 33°C (+/- 3°C) 30 h
(814.21 £ 90.61 pm) PS90N

6.6 Generated waste disposal.

The waste disposal was made according to the regulation of FCQ. Table

4 shows the wastes and the disposition containers for the project.

Table 4. Wastes and disposition containers.

Waste Container
LDPE G
HDPE G
N-TiO2 B
Photocatalysis Waste C
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CHAPTER 7

7. RESULTS AND DISCUSSION

7.1 Microplastics characterization.

7.1.1 Microplastics used in the preliminary tests.

The optical micrographs of the microbeads extracted from the two
commercial scrubs are shown in Figure 14.The Figure 14a shows that the
spherical blue microbeads extracted from Brand A have an average diameter of
814.21 + 90.61 um. Figure 14b present the spherical orange and white
microbeads extracted from Brand B, which have an average diameter of 381.87

+153.69 uym.
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Figure 14. Optical micrograph of the microbeads obtained from the two

commercial scrubs. (a) Brand A, (b) Brand B.

Since the label of the commercial scrubs do not specifies the composition
of the microbeads, IR spectroscopy was used to confirm if they were made of
plastic. Figure 15 presents the obtained results. Both samples presented the
same spectrum with absorption bands at 2912/2910, 2842/2849, 1465 and
716/731 cm™ that correspond to the long alkyl chains of HDPE [111]. More
specifically, the bands at 2912/2910 and 2842/2849 cm! were assigned to the C-
H bond stretching vibration, while the bands 1465, and 716/731 cm* correspond

to the CH2 bending vibration.
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Figure 15. FTIR spectrum of microbeads extracted from the commercial

facial scrubs.

As HDPE is a crystalline polymer, X-ray diffraction analysis was used to

further confirm the polymer composition of the extracted microbeads. Figure 16

shows the obtained XRD patterns. Both patterns presented the characteristics

peaks at 20° and 25° [112] that correspond to the (110) and (200) crystalline

planes of the orthorhombic crystal structure of HDPE.
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Figure 16. XRD diffractogram Stticrobeads extracted from the

commercial facial scrubs (a) Brand A and (b) Brand B.

From the results of the microbeads characterization, it was found that the
commercial scrubs of brands A and B contain HDPE microplastics, with a particle

size of 814.21 £ 90.61 and 381.87 + 153.69 um, respectively.
n Figure 17a and 17b are present the LDPE microplastics obtained from

the plastic bag manually fragmented. The obtained sizes were 5x5 mm 17(a), and

3x3 mm 17(b).
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Figure 17. Microplastics in the form of films obtained from the commercial bag.

(a) Films of size 5x5 mm, (b) Films of size 3x3 mm.

Although the label of the commercial bag specified that the product was
formed by LDPE, the material was subjected to IR analysis to confirm the polymer
composition. Figure 18 shows that the FTIR spectrum of the plastic bag presents
absorption bands at 2912, 2850, 1462, 718 cm%, which are characteristic of the
long alkyl chains of LDPE [111]. The bands at 2912 and 2850 cm were assigned
to the C-H bond stretching vibration while the bands 1462, and 718 cm

correspond to the CHz bending vibration.
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Figure 18. FTIR spectrum of microplastics extracted from the commercial

plastic bag.

From the results of the plastics bag characterization, it was found that the
commercial bag was effectively composed of LDPE, and that microplastics in the

form of films can be obtained by mechanical fragmentation of this product.

7.1.2 Microplastics for testing the photocatalytic activity of the

biomineralization-derived TiO2 materials.

During the preliminary tests, it was found that the higher degradation (in
terms of mass loss) was obtained for the spherical HDPE microplastics (see
further details below, in Section 7.4.1). Thus, this plastic model was selected for

testing the photocatalytic activity of the biomineralized TiO2-based materials. Two

67



sizes were used, but due to availability limitations, Brand A was not found, and

Brand C was used instead.

Figure 19 shows the optical micrograph of the microbeads extracted from
the commercial facial scrub of Brand C. It was found that the purple microbeads

present spherical shape with an average diameter of 876.26 + 113.98 um.

Figure 19. Optical micrograph of the microbeads from the commercials

facial scrub of Brand C.

Figure 20 shows the FTIR spectrum of the microbeads extracted from the
scrub C. The spectrum presents the absorption bands at 2910, 2849, 1465, 731
and 717 cm, which are characteristic of the long alkyl chains that compose the

high-density polyethylene (HDPE).
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Figure 20. FTIR spectrum of microbeads extracted from the commercial facial
scrubs.

7.2 Amorphous TiO2z characterization.

Figure 21 presents the XRD pattern of the TiO2 amorphous precursor. The
diffractogram predominantly corresponds to the one characteristic of an
amorphous material, i.e., a material where the atoms do not follow a periodic
order. However, some “peaks” corresponding to a crystalline material can be
observed in the region of 10 - 25° 28. The presence of those peaks can be
explained by the crystalline organic intermediaries (between the reagents and
TiO2) that were formed during from the sol-gel synthesis of the TiO2 precursor.
However, this is only an assumption, as the peaks are greatly overlapped by the

pattern of amorphous phase.
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Figure 21. XRD diffractogram of the amorphous TiO2 precursor.

Figure 22 shows the FTIR spectrum of the amorphous TiO2 precursor. As
this material is obtained the sol-gel process (without calcination), it was
considered that the adsorption bands of the spectrum came from the synthesis
residues (in sol-gel process, usually these bands disappear after thermal
treatment). The band 3189 cm™ was attributed to the -OH bond, probably from
the ethanol used in the reaction. The peaks 1520 cm* and 1413 cm™ were
attributed to the stretching vibrations of the C=0O bond, coordinated to Ti as

bidentate ligands. Finally, the band 810 cm is attributed to the Ti-O bond [25,90]
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Figure 22. FTIR spectrum of amorphous TiO2 precursor

Figure 23a presents the diffuse reflectance spectrum of the amorphous
TiO2 precursor and Kubelka-Munk transformation that was applied for Eg
calculation. As observed in Figure 23b, the calculated Eg value was 3.0, which
means that this sample absorbs light at 413 nm, in the visible range of the
electromagnetic spectrum. It has been reported that the both the amorphous and
crystalline TiO2 are active only under UV light owing to its relatively large band-
gap (3.2-3.3eV). The lower Eg value obtained for the amorphous TiO2 precursor
prepared in this work was explained by the presence of the synthesis residues in

the sample. As stated in section 6.2.1 at the end of the amorphous TiO2 synthesis,

71



the powder is color yellow, which indicate that the materials absorb light in the

visible region.
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Figure 23. (a) Diffuse reflectance spectrum of the amorphous TiO2 precursor

and (b) Kubelka-Munk transformation for Eg calculation.
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Figure 24 presents a SEM micrograph of the amorphous TiO2 precursor,
which is formed by irregular particles of variable sizes between 3 — 10 um. The
shape and particle sizes of the amorphous material obtained here are similar to
those obtained for the TiO2 amorphous precursor used in the work of Xie et al.,

(2016).

20kv  X10,000 1pm UANL IIC

Figure 24. SEM micrograph of the amorphous TiO2 precursor.

Figure 25 displays the nitrogen adsorption-desorption isotherm of the
amorphous TiO2 semiconductor. The Brunauer-Emmett-Teller (BET) model was
used to calculate the BET surface area. The figure shows isotherm pseudo-type
I, it is characteristic to no porous solids or microporous absorbent. This isotherm
is associated to the metastability of the absorbed multilayer and delayed capillary

condensation. This phenomenon is caused by the low aggregation structure.
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Figure 25. N2 adsorption-desorption isotherm of amorphous precursor TiOx.

The hysteresis has a shape of H3 loop is also linked with a non-rigid nature
of the adsorbent and the location of the characteristic should be consistent with
the destabilization of condensation at the limiting P/Po value.

From the BET model, it was found that the amorphous TiO2 precursor has

a surface area of 2.68 m? g1. Compared with the commercial TiO2 Degussa P25
of nano-spherical particles (51.4 m? g1), the sample has a very low surface area

and has a band-gap of 3.14 (eV), a surface area of, and a morphology [25,113].
From the characterization presented in this section, it was found than the

precursor material is composed by a mixture of amorphous titanium dioxide with
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some (maybe crystalline) synthesis residues that promotes the yellow color of the
powders. Also, the powders are hydrated and present very low surface area. As
stated before, this amorphous TiO2 precursor was pressed in form of tablets that
were implanted in the P. sterna oysters. The results related to the complete

biomineralization process are presented in the next section

7.3 Biomineralization results.

The biomineralization of the amorphous TiO2 precursor in P. sterna
presented some difficulties such as organism mortality and tablet rejection. In the

next two following sections, further details of these difficulties are presented.

7.3.1 Organisms survival ratio.

The organism survival ratio was calculated using the following equation
(Eq. 6):

Survival ratio (%) = (O1-Op)/O71)*100 Equation 6

Where Or is the number of organisms that were implanted, and Op is the

number of organisms that not survived

The first eight organisms obtained from Perlas del Cortez S. de R.L. M.I.

were purchased in their facilities, but the relaxation and tablet implantation

procedures were performed in the Centro de Investigaciones Bioldgicas del

Noreste S.C. (CIBNOR). After the implantation, the organisms were returned to

the oyster farm to perform the biomineralization process in their natural
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environment. After two days, it was found that the survival ratio was 25%, as only
two animals survive to the procedure. P. sterna oysters are commonly used for
artificial pearl formation, where a plastic nucleus is implanted in the organisms by
the same technique used in this work. Thus, it was considered that the
implantation process cannot be related to the mortality of the organisms. The
possible explanation considered to justify the low survival ratio is related to the
significant stress induced to the oysters during by the round trip from Perlas del

Cortez to CIBNOR.

A second tests was performed using eight new organisms. To reduce their

stress during the implantation procedure, they were relaxed and implanted in the

facilities of Perlas del Cortez. After implantation, the oysters were returned to their
natural environment. This resulted in a survival ratio of 87.5%, as seven oysters
survived during the whole procedure, including the incubation time. These results
indicate that it is very likely that the cytotoxicity of the pressed nanoparticles of
amorphous TiO2 does not promote the death of the P. sterna oysters, and that the
low survival ratio obtained for the first group of organisms was related with the

stressful relocation procedure.

7.3.2 Tablet rejection ratio.

Due to TiO2 precursor availability, two tablets were implanted in each
organism. During the extraction process, it was found that some tablets were
detached during the incubation process, as zero, half, one, or one and a half
tablets were found inside the oyster at each incubation period. It was
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hypothesized that the precursor material irritates the organism causing the
expulsion of the tablets. This latter phenomenon may be promoted by the porosity
of the tablets (due to particle aggregation during pressing), which lead to poor
attachment to the oyster’s shell.

The total rejection ratio (considering the whole biomineralization process

for 90 days) was calculated by the following equation:

Total rejection ratio (%) = 100 - [(IT-R¢)/1T)*100] Equation 7

where It is the number of implanted tablets and Rt is the number of
recovered tablets. Using equation 7, it was found that the total rejection ratio of
the TiOz2 tablets using P. sterna oysters is 40%, as from a total of 20 tablets, only
eight were extracted after biomineralization.

To reduce this rate!, we suggest to paste the precursor in a flat plastic disks
polished from both sides. Then, perform the implantation of the tablet by attaching
the plastic side of the tablet to the shell, between the mantle and periostracum

layer.

7.3.3 Biomineralized TiO2 materials.

7.3.3.1 XRD analysis.

! The suggested procedure was not performed in this work due to oyster limited availability in the farm.
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Figure 26. XRD patterns of the TiO2 materials biomineralized inside the
P.sterna oysters for PS20N, PS32N, PS77N and PS90N days. For comparison,
the spectrum of the TiO2 amorphous precursor was included. Also, the

characteristic peaks of the anatase phase are shown (ICDD file 21-1272).

After the incubation periods, the TiO2 biomineralized tablets were extracted
and the nacreous layer was removed before characterization. Figure 26 shows
the XRD spectrum for each biomineralized material. In that figure, the spectrum
of the amorphous TiO2 precursor was also included. A first comparison of the

spectra shows that there are only slight changes in the crystalline structure of the
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biomineralized materials. All the biomineralized TiO2 tablets remain
predominantly amorphous, although some diffraction peaks at 25°, 38°, 47° and
54° 20 that can be attributed to the (101), (004), (200) and (211) crystalline planes
of anatase TiO2 are visible in the patterns of the samples incubated for 20, 77 and
90 days (PS20N, PS77N and PS90N, respectively). The presence of this
polymorph of titanium dioxide is a good characteristic of the biomineralized

materials, as it is well known that anatase has high photocatalytic activity [83,114].

The incomplete crystallization of anatase TiO2 was an unexpected result,
as according to Xie et al. (2015) [25], complete crystallization of an initially
amorphous TiO2 material was accomplished after incubation for 60 days inside

Cristaria plicata mussels.

The incomplete crystallization of TiO2 in this work can be related to the
differences between (i) the organic matrix and (ii) the nacreous layer of P. sterna
oysters and the same components of C. plicata mussels.

As exposed in Chapter 2, the organic matrix of mollusks, which is basically
a mixture of proteins, glycoproteins, chitin and lipids, oversees the growth and the
regulation of the crystal formation among the nacreous layer. This matrix controls
the shape, the deposition, and the crystalline form (e.g. calcite, aragonite, vaterite)
of the biominerals that are synthetized by the mollusks. On the other hand, the
nacreous layer arranges the nanostructures of crystallization in a different pattern.
It is known that the composition of the organic matrix and the nacreous layer
varies between different species of mollusks, leading to biomaterials with different

properties.
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For example, in the work of Xie et al. [25], C. plicata mussels accomplished
the complete crystallization of an amorphous TiO2 material. C. plicata is a
freshwater mussel and this is an essential difference with the seawater oysters
used in this work. In their natural environment, each one of these species are
subjected to a wide gamma of components and molecules that enrich the
difference in their organic matrix [90]. Additionally, the differences in the
arrangement of the nanostructures addressed by the nacreous layer can be seen
in the different appearance of the final product in the case of pearl formation: C.
plicata produces withe pearls while and P.sterna produces pearls in various colors
[90].

The wide peaks in the 28 interval of 10° — 20° of the XRD spectra of all the
biomineralized materials could not be identified. However, they may correspond
to the Ti-acetate complexes or other synthesis residues that were formed during
the sol-gel preparation of the amorphous precursor, and, as shown in Figure 26,

were not removed or transformed during the biomineralization process.

7.3.3.2 FTIR analysis.
Figure 27 shows the FTIR spectra of the TiO2 biomineralized inside
P.sterna at different time laps. The amorphous TiO2 was also included for

comparison
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Figure 27. FTIR spectra of the TiO2 biomineralized inside P. sterna

oyster for 20, 32, 77 and 90 days.
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Figure 27 shows the FTIR spectra of the TiO2 biomineralized inside
P.sterna at different time laps. The amorphous TiO2 was also included for
comparison.

The red spectrum of the TiO2 material incubated for 20 days, labelled as
PS20N, shows the same four principal adsorption bands that were present in the
amorphous TiO2 precursor (black spectrum). The two adsorption bands at 1466
and 1361 cm can be attributed to the symmetric stretching of the C=0 bond of
the Ti-acetate complexes. The intensity of these bands is lower respect to the
amorphous TiO2 precursor (black spectrum), indicated that the Ti-acetate
complexes disappear with biomineralization. The band at 916 cm™ correspond to
the Ti-O stretching and Ti-O-Ti bridging stretching bonds while the broad band at
3209 cm correspond to the OH groups that are attached to the sample. As shown
by the red spectrum, the TiO2 biomineralized for 20 days is more hydrated than
the amorphous precursor is beneficial in the photocatalytic process during the
hydroxyl radical formation.

The samples biomineralized for PS32N, PS77N and PS90N days present
similarities, and four main adsorption bands can be found in the range of 3311-
3200, 1633-1630, 767-752 and 553-533 cm*. The broad band 3311-3200 cm™ is
assigned to the stretching vibration -OH a hydroxyl groups bond and the adsorbed
H20. The 1633-1630 cm™ band is attributed to the bending vibration H-O bond.
The 767-752 cm! band is the stretching vibration of the Ti-O stretching, and the
553-533 cm? band is the Ti-O-Ti bridging streching bond [115-117]. The
additional weak bands at 1107 cm (PS32N), 1252 cm (PS20N and PS77N) and

1340 cm (PS77N and PS90N) were are attributed to the vibrations of the N-Ti-
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O and Ti-O-N bonds [117-119], suggesting that the N species were incorporated
into the TiO2 lattice. However, these results may be confirmed by other
characterization technigues such as XPS or elemental analysis.

From the infrared analysis, it was observed that the TiO2 changes during
biomineralization. These changes were attributed to the interaction of TiO2 with
the organic matrix and the nacreous layer. As biomineralization time increases,
Figure 27 shows that there is a gradual despairing of the C=0 bond and an
increase of the hydration of the sample (except for sample BS90N). This latter

characteristic is beneficial in the photocatalytic process during the hydroxyl radical

formation, as —OH group reacts with the photoexcited holes (h+) to form hydroxyl
radical (-OH). These are powerful oxidant agents that degrade organic pollutants
into less complicated and harmful molecules, or CO2 and H20. Furthermore, the
incorporation of nitrogen species in the TiO2 lattice will lead to adsorption of light

in the visible region of the electromagnetic spectrum.

7.3.3.3 UV-Vis analysis.

Figure 28 shows the UV-visible spectra of biomineralized and amorphous
TiO2. Almost every sample absorb radiation in the visible range of the
electromagnetic spectrum, including the amorphous TiO2 precursor. The
absorption profiles of all samples are similar. The semiconductor biomineralized
for 77 days shows absorption in a higher interval of the spectrum (pink curve in

Fig.28) that other samples.
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In the figure, it can be seen an increase in the ranges of absorption, the
only sample that doesn’t follow this in the amorphous TiO2 precursor (black line)

because it already archives the visible spectrum which is an unexpected result.
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Figure 28. UV-Vis absorption spectra of biomineralized (a-d) and amorphous

TiO2 (e) semiconductors.

For the band-gap calculation, it was used the Kubelka Munk function. The
Eg values were obtained from the intersection of a straight line from the linear
region with the abscissa axis of a plot (F(R)*hv)Y2 vs hv as shown in Figure 29.
The Eg values obtained for each sample with their corresponding wavelength of

absorption are present in Table 5.
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Figure 29. Plots (F(R)*hv)Y2 vs hv of biomineralized (a-d) and amorphous TiO2

(e) semiconductors.

The biomineralized TiO2 sample that shows a higher absorption in visible
light is PS77N (420 nm), then the PS90N (414 nm), after the amorphous (410
nm), the PS32N (401 nm), and the one with the lowest value is the sample 20N
(399 nm). These values mean that, although almost all samples absorb visible
radiation (as confirmed in Fig. 29), the samples biomineralized have a progressive
increment in the absorption of a higher wavelength. These results suggest that
the biomineralization, improve the optical properties of the semiconductor

precursor. These results are in good agreement with those obtained by FTIR, as
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the vibration bands from the FTIR spectrum are gradually more visible in the
samples biomineralized, in sample SP90N is the band at 1340 cm* attributed to
the bond Ti-O-N. Sample PS77N and PS32N present a band at 1252 and 1107

cm! respectably, attributed to the bond N-Ti-O.

Table 5. E.g. calculation using Kubelka Munk function.

Sample E.g. (eV) The wavelength of photon absorption
(nm)
Amorphous 3.01 410.97
20N 3.12 399.97
32N 3.09 401.52
77N 2.95 420.58
90N 2.99 414.12

From the previous semiconductor characterization, it was found that
complete crystallization of the amorphous materials does not occur during
incubation inside P. sterna for up to 90 days. However, partial crystallization of
TiO2 was achieved. Additionally, the most of the biomineralized semiconductors
presented high levels of hydration and were doped with nitrogen, making them

active in visible light.
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7.4  Preliminary tests for the selection of the operational conditions of the
photocatalytic tests for the biomineralized materials.

In this section, the results from the preliminary photocatalytic tests are
presented. As stated in the previous Chapter the preliminary tests were performed
with two N-TiO2 semiconductors (with similar characteristics to those expected for
the biomineralized ones) to set the most favorable test conditions for the
determination of the photocatalytic properties of the biomineralized

semiconductors.

7.4.1 Semiconductor characterization.

Figure 30 shows the X-ray diffraction of the bioinspired TiO2 to evaluate
the crystallization process of the sample. The powder contains the TiO2 anatase
phase (JCPDS file No. 02-021-1272), that has higher photocatalytic performance
than rutile and brookite TiO2. The pattern indicates that the proteins contained in
the EPF used as a doping source do not interfere with the crystallization of the
sample. The proteins took from Mytilus edulis promotes the crystallization of
anatase TiO2. Two small peaks at 36 and 44° are shown in the pattern, which are
characteristic of the rutile crystalline phase TiO2 (JCPDS file No. 01-076-0317). It
is well known that this polymorphs mixed-phase has a synergetic effect, when
rutile and anatase are combined it promote the increase of the photocatalytic
activity due to interfacial charge separation between the two phases, which inhibit

the detrimental electron-hole recombination process.
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However, the results reported by Zeng et al. (2015) [25] are in
disagreement with the obtained in our study. In that work, it was used as EPF
source a freshwater mussel (Cristaria plicata). There, the brookite TiO2 phase was
present in the semiconductors synthesized with a low concentration of proteins,
suggesting that the EPF protein controls the crystalline phase and significantly
prevents the formation of brookite [107]. Here, the EPF was extracted from marine
Mytilus edulis mussels, which habit in marine environments with saltwater. Then,
the difference obtained here was attributed to the differences in the EPF physical

properties of both mussels’ families.
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Figure 30. XRD of the bioinspired N-TiOz2.
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Figure 31 presents the XRD pattern of the sol-gel derived sample N-TiO2
coating. It can be observed that the coating is only composed by the anatase
polymorph of TiO2, (ICDD file 21-1272), known for its high photocatalytic activity
[120]. The X-ray structural analysis of the samples did not show any detectable

dopant-related peak [118].
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Figure 31. XRD of the sol-gel derived N-TiOz.

The FTIR of the bioinspired synthesis route is shown in Figure 32. In the
spectrum there are five characteristics peaks, most of them were already
mentioned in Fig. 32. The two distinct peaks that portray the presence of nitrogen
are the bands around 1415 cm™, and 1080 cm™ correspond to the vibrations of

the Ti—N bond. The bands of the O-H group are present at 3230 cm™, and 1630
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cmt. The Ti-O and Ti-O-Ti stretching vibration of TiO2 is attributed to the band

755 cm! [25,116,119].
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Figure 32. ATR-FTIR spectrum of the bioinspired N-TiOx2.

Figure 33 shows the FTIR spectrum of the sol gel derived sample. The
bands at 3157 cm™ and 1630 cm™* were attributed to the stretching and bending
vibration of the water and O-H groups. The band around 1450, 1340, 1252 and
1104 cm correspond to the vibrations of the N-Ti-O and Ti-O-N bonds confirming
the nitrogen doping. In the range of 1000-600 cm™* were found the bands
attributed to the Ti-O and Ti-O-Ti stretching vibrations of TiO2, and the band at

2864 cm™ may be attributed to the C-H stretching mode from organic residuals
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associated to the incomplete thermal degradation of Pluronic F127 during

calcination [107,115-117,121].
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Figure 33. ATR-FTIR spectrum of the sol gel derived N-TiOz2.

Table 6 shows the Eg value of the semiconductors prepared with different
synthesis rout, the Kubelka Munk function was used to calculate the band-gap of
both samples. The bioinspired N-TiO2 have an Eg value of 2.90 eV, and the sol
gel derived TiO2 has an Eg = 3.10 eV. These values mean that both samples
absorb visible radiation. These results are in good agreement with those obtained

by FTIR.
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Table 6 . Eg calculation using Kubelka Munk function.

Sample Eg (eV) | Wavelength of photon absorption (nm)
Bioinspired N-TiO2 2.90 428
Sol gel derived 3.10 400
N-TiO2 '

Figure 34 shows the FEG-SEM micrographs of both N-TiO2. The
micrographs of the bioinspired route N-TiO2 is shown in Figure 34(a) this
semiconductor has agglomeration with different diameters and less
homogeneous porosity, the large particles are formed by small particles
approximately of 10 nm. This morphology promotes a high surface area, which is
219.42 + 1.82 m?/g. However, grains contain several dislocations and defects,
that interrupts the periodicity of the crystalline nature. The sol gel derived N-TiO2
is portrayed in Figure 34(b); it shows a uniform porosity distribution over the glass
substrate [122]. The thickness of 146 + 3 nm, it is composed of nanopatrticles of
12 + 3 nm and has a grid-like structure. The pores have an approximated diameter
of 10 + 2 nm. The Pluronic F127 make possible the homogeneous distribution of
the porosity, because these co-polymer is used as pore-forming agent. The high
porosity is associated with a high surface area, which is 74.7 + 0.2 m?/g. The
surface area value is lower than the bioinspired N-TiOz2 but is higher that the value

reported for Degussa P25 TiOo.
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Figure 34. FEG-SEM micrographs of the N-TiO2 bioinspired (a) and sol gel

derived (b) coating.

7.4.2 Photocatalytic test with the semiconductors in the form of coatings.

The previous N-TiO2 semiconductors in the form of films were used for the

photocatalytic degradation of four microplastics pollutant models.
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In Figure 35 is the degradation plot (in terms of mass loss) for the four
contaminant models using the mesoporous film. It can be observed that there is

an effect of the particle size and type of contaminant in the mass loss process due

to photocatalytic degradation
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Figure 35. Mass loss after 50 h of photocatalysis using the mesoporous N-TiO2

coating.

In the figure, the plots that corresponds to the LDPE shows that 1% of
microplastics were degraded after 50 h of visible irradiation. The particle size of
LDPE does not influence degradation. The low degradation is owing to the

physical morphology of LDPE these were agglomerated in the surface. These
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agglomerations avoid the interaction of light with the N-TiO2 film and it may alter
the diffusion of oxygen from air into the liquid phase limiting the generation of

hydroxyl radicals for degradation, as it is illustrated in Figure 36.

Magnetic
Limits ho absorption stirrer
and O difussion

Figure 36. Formation of a LDPE MP’s layer.

The trend of deterioration in HDPE by the same film is influenced by particle
size. Degradation of the smaller microplastic after 50 h of photocatalysis is almost
four times larger than the one of a bigger size. This result can be explained by the
higher surface area to volume ratio of the smallest microplastic, which allows a
better interaction of the hydroxyl radicals from the semiconductor with their
surface, which in turn promotes degradation. Also, it is important to state that
when a semiconductor is deposited on a substrate the superficial area of the
photocatalyst is not totally used, these explain the limited degradation after 50 h.
It is known the influence of the pH in degradation of microplastics [108], however
in this study the pH did not have a great effect in degradation due to deposition of

the semiconductor in a substrate and the environmental conditions (temperature).
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The results for the bioinspired film are portrayed in Figure 37. In the case
of the sol gel derived N-TiO2 sample, degradation of the HDPE is higher than that
obtained for the LDPE.

The results for the bioinspired film are portrayed in figure 37. Due to
technical problems, only the experiments with the biggest microplastics with each
type of polymer were performed. In the case of the mesoporous sample,
degradation of the HDPE is higher than that obtained for the LDPE. The low
degradation is owing to the physical morphology of LDPE these were
agglomerated in the surface. These agglomerations avoid the interaction of light

with the N-TiOz2 film, limiting the generation of hydroxyl radicals for degradation.
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Figure 37. Mass loss after 50 h of photocatalysis with microplastics using the

bioinspired N-TiOz2 coating.
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7.4.3 Photocatalytic test with the semiconductors in the form of powders.

As stated before, the preliminary tests using the semiconductors in the form
of powders were only performed for the film-shaped microplastics, as the research
group has experimental evidence that the photocatalysis of spherical particles
using a semiconductor in the form of powder is possible. With these conditions,
mass losses up to 70% can be achieved depending of the reaction conditions.

Further information [67,108].
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Figure 38. Changes in mass obtained during the photocatalytic degradation

tests of the LDPE microplastics using both semiconductors.

Figure 38 shows the changes in the mass of the microplastics obtained

during the photocatalytic degradation tests of the LDPE films using only one
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semiconductor the bioinspired N-TiO2 as powders. As observed in the plots, for

all samples, mass increases with time.

It was visually confirmed during experiment by sight and optical
micrography that the semiconductor powder was deposited over the LDPE films
during the experiments. To avoid this deposition, the microplastics were
repeatedly washed with distilled water and subjected to ultrasound treatment to
remove the semiconductor from the LDPE films. However, no one of these
approaches worked and the mass of the microplastics registered after

photocatalysis was always higher than their initial mass.

From the results obtained from the preliminary photocatalytic tests, it was
found that the LDPE microplastics, in both sizes, are not adequate for testing the
photocatalytic activity of semiconductors, at least with the methodology used in
this work. Additionally, comparing the results obtained here with those previously
reported by the research group, it was found that performing photocatalysis with
the semiconductor in the form of powders should lead to higher photocatalytic
degradation of microplastics, as the system takes advantage of the whole surface
area of the semiconductor, and the generation of the OH radicals for degradation

is maximized.

Thus, for testing the photocatalytic activity of the biomineralized materials,
the following conditions were selected: semiconductors in the form of powders
and HDPE microplastics in two sizes (381 and 876 ym). Additionally, the test was
performed in distilled water with pH = 7 + 1. This was done to avoid the
modification of the surface chemical composition of the biomineralized
semiconductors (as they were prepared in a “natural” environment, where they

were in contact with the organic matrix of the oysters).

7.5 Photocatalysis with biomineralized semiconductors.
Before testing the photocatalytic activity of the new semiconductors,

photolysis of the of the model pollutants are usually were carried out in a closed
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reactor chamber at room temperature (20 + 3 °C), with a pH of 7, by just the
radiation of the lamp for 30 h to study the influence of the conditions. In this work
because of the problems caused by the sanitary emergency, the photolysis
experiments couldn’t be concluded. However, according to bibliography and other
results already published by the research group [67,108], the mass loss plot

portrayed in Figure 39 was build.
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Figure 39. Mass loss of HDPE microplastics (814 um) after 30 h of photolysis.

According to Figure 39, the mass of the HDPE microplastics do not change

after 30 hours of radiation. This result is not surprising, it is well known the high
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durability of PE and HDPE [61,108]. Indeed, this characteristic of high durability

of the PE plastic is promoting its persistence in the environment.

Figure 40 shows the degradation plots (in terms of mass loss) for the
HDPE microplastics of the smallest size (381.87 um). The microplastics subjected
to photocatalysis by the amorphous TiO2 precursor (not subjected to
biomineralization) presented a 5.89% of mass loss after 30 h of visible irradiation.
On the other hand, the HDPE microplastics subjected to photocatalysis by the
PS32N and PS90N semiconductors presented mass losses of 26.93% and

23.76%, respectively.

The general mechanism proposed for PE degradation are present in the

next equations (equations. 8 - 12).

(-CH2CH2-)n + OH® > (CHCH2-)n + H20 Equation 8
(-"CHCH2-)n + O2 2 (-CH2-HCOO*-CH2)n Equation 9
(-CH2-HCOO*-CHy), + (-CH2CH3-)n 2 (-CH2-HCOOH-CH3-),, + (*CHCH2-),

Equation 10

(-CH2-HCOOH-CH2-)n = (-CH2-HCO™-CHz-)n + OH" Equation 11

(-CH2-HCO*-CH2-)n + (-CH2CH2-)n = (~"CHCH2-)n + (-CH2-HCOH-CH2-)n

Equation 12

According to Equation (8), degradation initiate when the photogenerated

hydroxyl radicals generate polyethylene alkyl radicals at the frail spots of the
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polymeric chains [65]. The reaction of the alkyl radical (--CHCH2-)n with oxygen
promote the propagation of degradation by forming a peroxy radical (-CHa-
HCOO'-CHz2)n (Equation (9)). This latter abstracts an hydrogen atom from another
polymer chain to form the hydroperoxide specie (-CH2-HCOOH-CH2-)n (Equation
(10)). Equation (11) shows that once hydroperoxide is formed is further cleavaged
into two new free oxy ((-CHz2-HCO*-CH2-)n) and hydroxyl (OH") radicals by the
scission of the weak O—O bond [123,124]. These radicals are far more reactive
than peroxy radicals [123] and can abstract labile hydrogens from other polymer
chains (Equations (8) and (12)).

The mass loss can be explained in the following way; even when the
biomineralized semiconductors did not express the result expected. These
semiconductors have better properties than the amorphous and interact better
with this size of microplastic. In the case of the amorphous, the band-gap is higher
than the 32N, but degradation is higher with the samples biomineralized. These

mean that biomineralization enhances the properties of the semiconductor TiOo.
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Figure 40. Mass loss after 30 h of photocatalysis for HDPE 381.87 um.

Figure 41 display the mass loss for each semiconductor after 30 h for
HDPE with the size 876. 26 um. A higher degradation can be observed in sample
90N with 19.51%, then is amorphous with 3.98%, and at least is sample 32N with
3.50% of mass loss. This result corroborates that higher degradation is observed
with smaller size particle. Also, it is shown that biomineralization change in a

certain way, the properties of the semiconductor favoring the degradation.
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Figure 41. Mass loss after 30 h of photocatalysis for HDPE 876.26 um.

After photocatalytic experiments, optical micrography of HDPE was made
to corroborate degradation. Figure 42 (a) shows the pristine HDPE of size 381.87
pum, also in the figure (b-d) are the microplastics after treatment for 30 h with a
semiconductor. It is shown that HDPE with treatment has powder on the surface;
this is more visible in the amorphous treatment (b). Part of the semiconductor is

attached to the pollutant, which influences the weight and the total mass loss.

Figure 42 (c) and (d) represent the treatment with sample PS32N and
PS90N, respectively. In the micrography, the HDPE are pulverized in some
proportion, this fragmentation can be associated with degradation. In both cases,

there are some semi-spherical microplastics almost complete but with physical
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changes. These types of physical damage have been usually associated with
degradation of plastic. In all samples treated with the biomineralized

semiconductor a physical change appears in the microplastics.

The high probability of collision is improved by the continuous stirring of the
HDPE microplastics, and the N-TiO2 adsorbed hydroxyl radicals. During those
collisions, hydroxyl radicals can interact with microplastics and promote
degradation, and it can be seen the fragmentation in the figure. The fragmentation

changes the mechanical properties of plastic.

Figure 42. Optical micrography of pristine HDPE (381.87 ym) (a) and after

irradiation for 30 h with different semiconductors (b) amorphous, (c)

PS32N and (d) PS9ON.
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Figure 43 shows the pristine HDPE of size 876.26 uym (a), and this
microplastics after 30 h of irradiation with a semiconductor (b-d). The HDPE after
the experiment using the amorphous (b) and PS32N (c) are alike, both shown
adhesion of semiconductor and no fragmentation. In the case of the microplastic
with PS32N (c), the addition of the semiconductor to the surface look more
uniform, and the pattern is smaller than the amorphous (b), this can be explained
with the different optical properties between the semiconductors. The HDPE with
90N (d) shows fragmentation and deformation of the spherical shape of HDPE;
this can be explained with the constant collision between the HDPE and PS90N,

absorbing hydroxyl radicals that benefit degradation.
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Figure 43. Optical micrography of pristine HDPE (876.26 um) (a) and after

irradiation for 30 h with different semiconductors (b) amorphous, (c) PS32N and

(d) PS9ON.

The microstructure changes in HDPE microplastics after treatment were
measured with ATR-FTIR. The spectrums are present in Figures 44 and 45, they
showed the HDPE of the size 381.87 um and 876.26 um respectively, after

irradiation for 30 h with a semiconductor.
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Figure 44. ATR-FTIR for HDPE microplastics (381.87 um), and after 30 h of

photocatalytic degradation with different semiconductors.

107



Pristine HDPE
876.26 ym | — Amorphous TiO,
"2 —— PS32N
—— PS90N
1.0 -
T ~
S N
© 0.8-
(O]
(&)
C
(]
= 0.6
£
(/2]
C
©
= 044
0.2 R

" T v T v T T T v T Y T T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 45. ATR-FTIR for HDPE (876.26 um) microplastics and after 30 h of

photocatalytic degradation with different semiconductors.

An indicator of the degradation of polyethene is the vinyl index since
ketones, aldehydes and carboxylic acids are formed the late steps of the
photodegradation process. Previous reports suggest that photo-oxidation of
ketones results in the formation of unsaturated vinylidene and vinyl groups at
888 cm™ and 899 cm™. In both ATR-FTIR, these bands are more intense

[109,110].

It was used the Equation 4 and 5 to calculate the vinyl index, the absorption

band located at 899 cm was used, and the reference band is located at 2920
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cm L. And to calculate the unsaturated vinylidene, the absorption band located at
888 cm* and the same reference band was used. The calculated vinyl index is
presented in Table 7 and 8 for HDPE of the size 381.87 um and 876.26 um,

respectively.

Vinyl index (V1) = Asoa/A2920 Equation 4

Unsaturated vinylidene index (UVI) = Asss/A2920 Equation 5

Table 7. Calculation of VI and UVI for HDPE 381.87 um.

Treatment Mass loss (%) (V1) (UvI)
Pristine 0 0.041 0.052
Amorphous 5.89 0.069 0.081
PS32N 26.93 0.097 0.109
PS90N 23.76 0.080 0.093

Table 8. Calculation of VI and UVI for HDPE 876.26 pum.

Treatment Mass loss (%) (V1) (UvI)
Pristine 0 0.001 0.009
Amorphous 3.89 0.018 0.028
PS32N 3.50 0.061 0.072
PS90N 19.51 0.125 0.141
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According to the results from table 6 and 7, the vinyl index calculations are
in concordance with the mass loss obtained in the experiments. We can conclude
that with higher mass loss yields a higher vinyl index is expressed, the vinyl index
is a useful tool to determine the degradation. Nevertheless, it doesn’t have into
account if the degradation is in early steps (formation of hydroxides) or if there

was complete mineralization (CO2 and Hz0).

To summarize the results from the preliminary tests, the most effective way
to perform the photocatalytic degradation of PE microplastics is in aqueous
medium and using the semiconductors as powders. Also, it was shown that using
HDPE involves less experimental errors, because this pollutant model has a
practical size and does not require a high quantity of sample to reach a specific
weight. These characteristics improve the diffusion of visible light and O2 during

the photocatalytic experiments.

In summarize the characterization of the biomineralized semiconductors
shown that even though complete crystallization of anatase phase was not
archived, the materials are photocatalytically active in visible light. This was
explained by the changes in the functional groups of the materials during
incubation inside the oysters, which promoted the incorporation of nitrogen into

the materials.

Summarizing the photocatalytic results it was shown that using the
biomineralized semiconductors, it is possible to reach a mass loss of 26.93% and

19.51% of HDPE microplastics with particle sizes of 381.87 um and 876.26 um,
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respectively. These results are in concordance with the vinyl index and the optical

micrographs, which were used to further confirm degradation.

111



CHAPTER 8

8. CONCLUSIONS

Microbeads are present in different facial scrub commercially available in
supermarkets and beauty shops in Mexico. The microbeads were identified as

HDPE small microplastics of different diameters 814.21, 876.26 and 381.87 um.

From the photolysis experiments of the PE microplastics, it was seen that
it is a stable polymer with high durability under visible light irradiation. No high

degradation evidence was found in the obtained results.

From the preliminary test, it was confirmed that, both N-TiO2 materials
contain anatase crystalline phase and absorb visible light. In the case of the HDPE
MP’s, their size affects degradation (sol gel derived sample) with larger particle

size, lower degradation.
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In the same preliminary test, it was concluded that the bioinspired N-TiO2
film degrades 4.4% of the HDPE MP’s in 50h of visible radiation. No degradation
was obtained for the LDPE MP’s, probably due to the limited interaction of the N-
TiOz2 film with light. With the mesoporous N-TiOz2 film degrades 1.3% of the LDPE
MP’s and 4.3% of HDPE in 50h of visible light radiation and it was observed that

LDPE MP’s particle size does not influence degradation.

The precursor's tablets were successfully implanted in Pteria sterna to
archive biomineralization. Even though after characterization, results showed
some amorphous phase remains at the end of incubation time, but the
biomineralization enhances the properties of TiO2 that contribute to the
degradation of HDPE: The FTIR analysis showed the presence of nitrogen, and

the Eg value indicate that samples biomineralized are active under visible light.

For the photocatalysis experiments with HDPE of size 381.87 um and
biomineralized semiconductors, the results showed higher degradation in sample
biomineralized PS32N with 26.96%, after sample PS90N with 23.76% and then
amorphous precursor with 5.89%. These results confirm that biomineralization
enhanced properties of the semiconductor TiO2z showing 4.5 times more

degradation in the case of PS32N.
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In the photocatalysis test with HDPE of size 876.26 pm and biomineralized
semiconductors, the results displayed a higher degradation in sample
biomineralized PS90N with 19.51% of degradation, after the amorphous
precursor with 3.89%, and then sample PS32N with 3.50%. The enhanced
properties of the semiconductor PS90N showed 5.5 times more degradation than

other samples

For the experiments with different semiconductors biomineralized it can be

concluded size influence degradation, with larger particle size lower degradation.

Photocatalytic degradation of microplastics was attributed to the action of

hydroxyl radicals, where the decomposition of hydroperoxides took place.
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