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In the process of photocatalytic degradation of plastics, the surface interaction between the
plastic material and the photocatalyst results crucial. The present work focuses on using a
specific TiO, photocatalytic semiconductor whose hierarchical structure favours the interac-
tion with low density polyethylene (LDPE), a key component in plastics. An exhaustive study
of the nature of this interaction is conducted, analysing the influence of the atmosphere and
radiation. The results obtained indicate that the observed interaction can be modulated by
controlling the atmosphere, evolving into a degradation process whose mechanism also
depends on the absence or the presence of light. This point is particularly relevant as it

highlights the dual nature of TiO, as both photocatalyst and catalyst.
© 2024 The Author(s). Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Estudio de la interaccién entre el polietileno de baja densidad y el TiO, en
distintos ambientes. Influencia de la presencia y ausencia de radiacion,
asi como de la atmésfera (0., N, y Ar)
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En el proceso de degradacién fotocatalitica de pldsticos, la interaccién superficial entre el
material plastico y el fotocatalizador resulta crucial. El presente trabajo se centra en la uti-
lizacién de un semiconductor fotocatalitico especifico de TiO, cuya estructura jerarquica
favorece la interaccién con el polietileno de baja densidad (LDPE), componente clave de
los plasticos. La naturaleza especifica de la interaccién entre ambos materiales se estudia
de manera exhaustiva y en funcién tanto de la atmésfera como de la radiacién aplicadas.
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Los resultados obtenidos indican que la interaccién observada se puede modular mediante
el control de la atmésfera, evolucionando hacia un proceso de degradacién cuyo mecan-
ismo también depende de la ausencia o presencia de luz. Este punto es especialmente

relevante ya que pone de manifiesto la naturaleza dual del TiO, como fotocatalizador y como

catalizador.

© 2024 Los Autores. Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un
articulo Open Access bajo la CC BY-NC-ND licencia (http://creativecommons.org/licencias/

by-nc-nd/4.0/).

Introduction

Low production cost combined with high durability, versatility,
malleability, lightness and many other properties, have made
plastics a material of great economic, technological and indus-
trial interest, being one of the most widely used materials
worldwide. This widespread use also generates a large amount
of waste which is tricky to manage, leading to a worrisome
accumulation, also known as plastic pollution. In fact, only a
21% of the 6300 Mt. of plastic waste generated since 1950 has
been removed [1]. A standard plastic material is mainly based
on an organic polymer macromolecule formed by monomers
that are produced synthetically or by natural product con-
version. However, it takes a long time to naturally degrade
plastics, and the process ultimately ends in the release of
different additives, as well as the fragmentation of plastics
into smaller sizes that can be ingested by living organisms.
Among the most common additives are antioxidants such as
hindered amine light stabilizers (HALS), or bisphenol A (BPA)
and phthalates to develop several properties. Some of these
are considered endocrine disrupting chemicals and can leach
from plastic items [1]. In addition, plastics can adsorb toxic
metals, which amplifies their toxicity in food chains, altering
the microbial community structure and obscuring ecosystem
functioning [2,3]. Among all the different types of plastics
used, polyethylene (PE) is one of the most popular. Specifically,
low density polyethylene (LDPE) accounts for 20% of plastic
waste [2,4]. This polymer is based on the repetition of ethy-
lene creating ramifications and it is also reported to have HALS
stabilizers in its formulation. These stabilizers are derivatives
of 2,2,6,6-tetramethylpiperidine and related compounds and
their function is to prevent the polymer from photo-oxidation
[5].

Several approaches have been studied to address the chal-
lenge of plastic waste. In this context, advanced oxidation
processes (AOPs) are among the most promising alternatives.
They are based on the generation of reactive oxygen species
(ROS) like hydroxyl (HOe) and/or peroxide radicals (Oze~) to
react with organic pollutants via radical reactions [6]. One of
the most effective AOP strategies is photocatalysis, based on
the use of a light source to irradiate a semiconductor which
then generates electron-hole pairs. These species are reported
to react respectively with oxygen and water (and/or hydroxyl
groups) adsorbed on the surface. This generates radicals that
can initiate the photodegradation of organic compounds [7,8].
However, several limitations of this process are addressed.
First, the efficiency of the process is reduced for film-shape
and/or large-size plastics. A plastic film configuration hin-

ders the absorption of photons by the semiconductor, thereby
reducing its capacity to produce ROS. In terms of polymer size,
the larger the molecule, the more its adsorption on the sur-
face of the semiconductor is impeded. Being a surface effect,
it also depends on semiconductor characteristics such as spe-
cific surface area, particle size, porosity, crystallinity and band
gap [9,10], which makes the selection of the semiconductor
critical for an effective response. In this work, we aim to
study the possibilities of plastic degradation using titanium
dioxide (TiO,), a ceramic semiconductor frequently used in
photocatalytic degradation processes and water decontami-
nation treatments [11,12]. In fact, its strong oxidising power,
good chemical stability and low cost are a priori very suitable
for effective polyethylene degradation, as it has been recently
reported [13-15]. Most of these works focus on the degradation
mechanisms of TiO, in solution, but few studies have dealt
with its behaviour in the solid state, even though almost 80%
of plastic waste is accumulated as soil [1]. In what follows,
this solid-state surface-based reactivity will be analysed, fur-
ther evaluating the role of the atmosphere and radiation in the
expected TiO,-LDPE interaction.

Experimental procedure

The LDPE plastic material studied in this work is a Labbox
AstiK flat zip bag, 8cm wide x 14cm high, with an average
thickness of 50 pm. As for the photocatalyst, a highly reactive
TiO, ceramic powder obtained by a simple synthesis process
previously developed and patented by the research team was
used [16-18]. In essence, a solution of titanium (IV) tetrabu-
toxide and trifluoroacetic acid in 1L of absolute ethanol is
stirred for 6.5h at room temperature and then evaporated
to dryness under atmospheric conditions. After subsequent
washing, the white precipitate obtained consists of nanostruc-
tured mesoporous microspheres, with a high specific surface
area that can facilitate the interaction with the plastic sur-
face. The experimental setup for the interaction studies can be
described as follows: for the tests under darkness, a spatula tip
(~60mg) of the synthesised TiO, powder is placed inside the
LDPE bag. The system is stored in total darkness for 27 days.
Three different atmospheres were tested in darkness exper-
iments, namely air (O2/N3/H,0), pure N, and pure Ar. In the
case of inert atmospheres, the TiO,-containing bags were put
under vacuum for several minutes and then filled with the
required gas. The same procedure was repeated for the exper-
iments under light, but this time the bag-TiO, couples were
exposed to UVA-visible radiation during 27 days under air
atmosphere. An empty bag was also irradiated as a reference.
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For these light tests, a System Photolab LED365-14/450-12c
(APRIA Systems S.L.) was used. It consists of a 10cm x 10cm
cell with an irradiated area of 100 cm?. The cell is placed 40 cm
away from the irradiation source, which is provided with visi-
ble (A =400-700 nm) and UV-A (> =365-370 nm) LEDs. The LEDs
setting chosen was 100% UV-A and 25% visible with a total of
1800 lumens. In both the darkness and light tests, the sam-
ples are weighed before and after the test, and the difference
is normalised with respect to the amount of ceramic pow-
der introduced in the bag. Once the 27 days are completed,
the ceramic powder is carefully removed from the bag and
the latter is cut into 1cm x 1cm slides. A differentiation is
made between the inner side of the plastic in contact with the
ceramic powder and the outer side. Finally, the plastic pieces
are softly cleaned with distilled water and dried with paper.
An in-depth characterisation of each sample is carried out
before and after the experiments. The functional groups of
LDPE and TiO, were studied by FTIR-ATR using a PerkinElmer
precisely Spectrum 100 FT-IR Spectrometer with a Pike Tech-
nologies GladiATR™ module. Samples are pressed with a
diamond crystal to obtain a scan from 4000 to 400cm™!. The
internal electronic band structure of TiO, was analysed by
emission of photoluminescence using a Spectrofluorometer
FSS from Edinburgh Instruments with a Xe+UV lamp of 150 W
(A=200-1000nm). Specifically, the excitation wavelength is
fixed at 230 nm with an excitation bandwidth of 5 nm, whereas
the emission scan goes from 340 to 475nm and the emis-
sion bandwidth is 1nm. A single repeat scan is obtained,
with a step of 0.10nm and a dwell time of 1.50s. A short
pass filter of 450nm is placed before the sample. The spec-
trum obtained is deconvoluted and the emission bands are
normalised with respect to the band gap band. Morphology
studies were conducted using a field-emission scanning elec-
tron microscope (FESEM, Hitachi S-4700). Due to the insulating
polymeric nature of LDPE, samples were prepared applying
an Au sputtered coating. TiO, particles were also analysed by
transmission electron microscopy (TEM, JEOL 2100F). The crys-
tallinity of LDPE and TiO, was determined on an XRD Bruker
D8-Advance powder diffractometer with monochromatised
CuKa1lradiation (1.54060 A) and a Lynx Eye detector. FTIR mea-
surements were conducted on a JASCO FT/IR-4X spectrometer.
Since plastic films usually have parallel surfaces, when an IR
beam interacts with them, constructive and destructive inter-
ferences can occur and a “fringing effect” is observed in the
FTIR spectrum [19]. In our case, the “fringing effect” comprised
between 1352 and 1019cm~! frequencies was selected. The
thickness of the plastic (b) was obtained using the following
equation, where n is the LDPE refractive index, N is the number
of fringes in the given spectral region and v is the frequency.

1 N
P= o - W

The percentage of carbon in the LDPE samples before
and after the experiments was scrutinised with an Elemental
Analyzer LECO CHNS-932, whereas the band gap of the semi-
conductor TiO, was calculated using an Analytik-Jena Specord
200 Plus spectrophotometer equipped with deuterium (UV,
190-318 nm) and tungsten (UV-visible, 318-1100nm) lamps.
Forband gap calculation a slow scan of 190-900 nm was carried

out and the TiO, samples were placed inside an integrating
sphere for diffuse reflectance of 120mm. A deconvolution of
the 1 vs absorbance obtained plot was done to remove any
contribution of the colour of the powder. The absorbance of
the band gap signal is converted into reflectance and then the
Kubelka-Munk algorithm is applied to obtain the absorption
coefficient (@). From this value, the Tauc plot for a permitted
indirect band gap ((@hn)"/2 us hn) is plotted and the band gap
is then calculated by extrapolating the linear region to zero.
Finally, the specific surface area of the semiconductor was
determined by the Brunauer-Emmett-Telle (BET) method in
an ASAP 2020-Micromeritics (Norcross, GA, USA) at 77 K. Nitro-
gen adsorption/desorption isotherms were carried out on an
ASAP 2020-Micromeritics (Norcross, GA, USA) at 77 K. Samples
were degassed at 30°C during 48 h before analysis.

Results and discussion

Synthesis and characterisation of the TiO, ceramic
material

Fig. 1 shows the main characteristics of the as-synthesised
TiO, powder (Fig. 1a—c) together with the experimental setup
of the bag-TiO; couple samples (Fig. 1d and e). As mentioned,
the interaction between the plastic material and the surface
of the photocatalyst is highly dependent on the specific char-
acteristics of the latter, including particle size, specific surface
area, porosity, crystallinity, chemical composition and, in the
case of a semiconductor such as TiO,, also the band gap.
Regarding the size, the experimental procedure described in
“Experimental procedure” section results into a product that
maintains a nanostructured micron-sized spherical geome-
try (Fig. 1a and b). Specifically, the size of the nanoparticles
is in the range between 2 and 10nm but they are hierarchi-
cally assembled to form a sphere with a diameter of 1-3 pm.
The small size of the nanoparticles, close to the quantum dots
(QDs) range, is meant to enhance the photocatalytic activity of
TiO,. But simultaneously, as they are organised into a micro-
metric sphere, their sticky typical agglomeration that causes
losses in photocatalytic activity by reduction of the accessible
active sites is avoided. In addition, the micrometric size facili-
tates the handling of the material, reduces its toxicity [20] and
favours the interaction between the plastic and the photocat-
alyst, which is normally limited by the large size difference
between both materials [1]. In terms of specific surface area,
the larger its value, the better interaction, and thus a more
effective degradation would be expected [21]. A specific sur-
face area as high as 180.19 m?/g with an average pore size of
3.2nm (Fig. S1) is reached with this synthesis routine; nev-
ertheless, it is necessary to point out that due to the very
nature of the hierarchical structure, the name “pores” does not
refer to channels but rather the spaces generated between the
nanoparticles upon assembling.

As it can be observed by TEM and X-ray powder diffrac-
tion, the synthesis procedure also stabilises the most unstable
polymorph of TiO,, brookite, allowing its coexistence with the
most reactive anatase phase (Fig. 1b and c). The coexistence
of both polymorphs can actually lead to interfacial homo-
junctions in which electrons can transfer from brookite to
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Fig. 1 - (a) Morphology of the TiO, microspheres synthesised as observed by FE-SEM; (b) TEM micrograph of the
nanoparticles that conform the TiO, sphere. Interplanar distance of anatase and brookite are observed; (c) X-ray
diffractogram of the synthesised TiO, powder before contacting with LDPE. All diffraction maxima indexed correspond to
anatase phase (#00-021-1272). The diffraction maximum of brookite phase (#00-029-1360) is marked with the symbol (*); (d)
graphical representation and (e) digital photograph of LDPE-TiO- initial experimental system. Digital photograph of
LDPE-TiO; final experimental system after 27 days in: (f) air and darkness, (g) Ar and darkness, (h) N, and darkness, (i) air
and UVA radiation environments; (j) difference in weight between the final and initial system normalised with respect to

the amount of TiO, initially added.

anatase, thereby decreasing the electron-hole recombination
rate and enhancing the photocatalytic efficiency [22]. More-
over, according to optical measurements, the as-obtained TiO,
particles displayed a reduced band gap of 3.04eV (408 nm)
(Fig. S2), which is also beneficial to increase the activity beyond
the UV range [21]. Finally, FTIR-ATR measurements also indi-
cate a high photoactivity situation in the synthesised TiO,
powder. The black spectrum in Fig. 2c reveals the existence of
asymmetric and symmetric C=0 stretching vibrations result-
ing from the incorporation of TFAA (CF3COOH) to the TiO,
particles during the synthesis. Their specific positions at 1633
and 1440 cm™1, respectively, further indicate that the TFFAA
species are mainly bound to the Ti atoms in a bidentate
(bridging or chelating) mode [7]. This is known to contribute
to stabilise the {001} facets of anatase TiO,, energetically
unfavourable but certainly the most reactive, and thus pho-
toactive, with 100% of the Ti atoms in five-fold coordination
(Tisc) [7,9].

Study of the LDPE-TiO, interaction: air
atmosphere + darkness

Usually, the pollutant and the photocatalyst are mixed in
darkness to ensure a good contact before carrying out the
irradiation [14]. Moreover, photolysis is sometimes consid-

ered the initial stage for the degradation of the polymer since
UVA radiation has enough energy to break plastic bounds [23].
Therefore, to enable a good interaction between the two com-
ponents and to avoid distortion of the results by photolysis,
it is proposed to start by studying the LDPE-TiO; interaction
under darkness in an air atmosphere. The first indication that
an interaction has taken place is the yellow colouring of the
semiconductor (initially white) after contacting with the plas-
tic, while the bagremains transparent and colourless (Fig. le us
f). Yellowing of this semiconductor has been observed to occur
when it is considered defective due to Ti3*, titanium intersti-
tial (Ti;) and/or oxygen vacancies [24-26]. The presence of Ti3*
and Ti; would decrease the band gap [24,26], but in our sample
this value increases from the initial 3.04eV to 3.25eV after 27
days of testing (Fig. S2). Likewise, the oxygen vacancies can-
not be said to have increased, since the relative intensity of
the emission photoluminescence corresponding to this defect
(449nm) [27,28] does not increase with respect to the origi-
nal powder; on the contrary, this relative intensity decreases
(Fig. 2e), actually implying a decrease in oxygen vacancies
when TiO, comes into contact with LDPE. Some other authors
have observed this yellowing as a consequence of the forma-
tion of a peroxy titanate complex at the surface of the TiO,,
pointing towards a bidentate chelating of the peroxide (02%7)
to the Ti%* [8,29]. This requires the formation of the anion 0,2~
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Fig. 2 - (a) FTIR-ATR spectra of: TiO, synthesised before contacting LDPE in air atmosphere (black), under vacuum (red),
under N, or Ar atmosphere (orange and light blue respectively) and TiO, synthesised after contacting LDPE with no
radiation in air (green), N, (dark blue) and Ar (pink) environments. TiO, synthesised after contacting LDPE with UVA-vis
radiation in air (purple). FTIR-ATR zoom spectra in (b) the 3500-2500 cm~?! +(O—H) area and (c) 1750-1000 cm~! TFAA
coordination area. (d) Assignment of FTIR-ATR spectra bands. (€) Emission photoluminescence of TiO, powder before (black)
and after (orange) contacting LDPE in air atmosphere under no radiation. The bands from the deconvolution of both signals
(solid line filled bands and dashed lines respectively) are also shown. Scheme proposed of how the (f) initial »(0O—H) bands in
air atmosphere are affected after applying an inert atmosphere (h) and after interacting with LDPE in those environments (g

and i) respectively.

and its bonding to Ti**. A possible pathway could be related
to the high electronegative fluorine atom of TFAA (CF3COOH)
coordinated on the surface. It has been already studied the
capability of TFAA to produce radicals [30]. Therefore, we pro-
pose the abstraction of one electron of the double bond of the
atmospheric oxygen by this functional group. The Oye gener-
ated can react with another one to form the peroxy anion 0,2~
via radical reactions. As the nanoparticles of the spheres have
the {001} facets with 100% Ti five-fold coordinated stabilised
with TFAA but this acid is partially removed during the syn-
thesis, the peroxy anion can easily coordinate to the defective
titanium. This mechanism could weaken and/or displace the
TFAA coordination, which is in accordance with the decrease
of their band intensities observed by FTIR-ATR (Fig. 2c black vs
green curves). As it has been previously described at the end
of “Synthesis and characterisation of the TiO, ceramic mate-
rial” section, Calatayud et al. [7] reported that the bidentate
coordination of TFAA stabilised the {001} facets of anatase.
Therefore, the loss of this coordination would be detrimental
to the stabilisation of these facets. As a result, we propose that
the unstable titanium present at the {001} facets will try to
reduce its instability through a coordination with the ambi-
ent oxygen, which would partially fill the oxygen vacancies.
Moreover, the formation of peroxy titanate could also partially
fill the oxygen vacancies. In fact, as it has been previously

mentioned, the relative intensity of the emission photolu-
minescence corresponding to this defect (449 nm) decreases
when TiO; comes into contact with LDPE (Fig. 2e). This would
imply an increase in the weight of the system, which is also
observed (Fig. 1j).

Finally, different studies indicate that an increase of oxygen
vacancies concentration induces a band tail near the conduc-
tion band that causes a reduction of the band gap [31,32].
Analogously, the decrease of oxygen vacancy would induce an
increase of the band gap. This could explain why the original
reduced band gap increases to 3.25eV.

Looking back to the FTIR-ATR spectra (Fig. 2a), more
remarkable is the decrease of the band at 3094cm™! corre-
sponding to the v(O—H) of the O—Ti—O—H and water adsorbed,
and the fringes between 2963 and 2880cm™! related to the
v(C—H) ButOH from the synthesis adsorbed on pore and
v(O—H) intramolecular (Fig. 2b black vs green curves). As no
temperature is applied in this process, these compounds can
not evaporate. Therefore, the only way in which their con-
centration can be decreased is by desorption from the TiO,
surface through the formation of radicals. As mentioned,
TFAA may favour the formation of radicals, but its band inten-
sity does not decrease so much as to be the architect behind
the decrease of these radicals. Instead, titanium has to play
a more predominant role. Its role as a photocatalyst and a
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under UVA light (red), LDPE after contacting TiO, under no radiation in: air (orange), N, (green) and Ar (blue) atmospheres,
LDPE after contacting TiO, under UVA radiation in air atmosphere (purple). (f) X-ray diffractogram of TiO, powder before
(black) and after contacting LDPE in: air (orange), N, (green) and Ar (blue) atmospheres under no radiation, and under UVA

radiation in air atmosphere (purple).

support material for heterogeneous catalysis has been widely
studied. However, its potential as a catalyst on its own is more
unknown. As far to our knowledge, only a few authors have
reported the ability of TiO; to produce radicals in the dark.
Pirozzi et al. [33] reduce the oxygen of the air to a superoxo
radical (Oze™) by an electron transfer from an acetylaceto-
nate ligand to the semiconductor. In contrast, Fenoglio et al.
[20] detected a favoured production of carbon-centred radi-
cals in the dark by anatase nanoparticles through cleavage
of C—H bonds. They also reported an enhancement of the
reactivity of this polymorph under ambient illumination that
generates oxygenated free radicals (HOe, Oze~, HOs). The lat-
ter should not be ruled out, because although the storage of
the system was in complete darkness, the preparation was
under ambient light. Since these radicals play a key role in
the degradation of the polymer [14,15,33,34], their formation
can be indirectly appreciated by looking at the changes in the
FTIR-ATR spectra of the plastic (Fig. 3a). First, the LDPE virgin
bag employed in this work presents in its formulation HALS
type UV-stabilisers (bands at 3500-2900cm~! and 1644 cm™1)
(Fig. 3a—c black curves) [35], whose function is based on con-
suming the radicals formed during the plastic ageing process
to prevent them from reacting with the polymer, thus protect-
ing it. HALS form a nitroxide radical and then recover their
initial structure via the Denisov cycle [5]. However, it seems
that some of these HALS groups have been consumed since the
plastic looks already aged, having carbonyl groups (1715 cm™1)

(Fig. 3c black curve) usually referred to as an indicator that the
polymer degradation has begun [34,36-38]. When the titanium
enters the equation, every band intensity of the functional
groups of LDPE decreases and the HALS, carbonyl and vinyl
bands disappear (Fig. 3a-c orange curves). Since no new bands
of organic compounds are detected in the FTIR-ATR spectra
of the powder (Fig. 2a green curve) and the plastic (Fig. 3a
orange curve), it can be said that HALS stabilisers are depleted.
Kamran et al. [6] established a possible mechanism for the
degradation of a nitroxide radical in the presence of a HOe
scavenger, MeOH. Since ButOH has been also identified as a
HOe scavenger [39], we propose the same mechanism, being
the nitroxide radical an already aged HALS stabiliser. As the
stabilisers are depleted from the plastic, the polymer is no
longer protected against oxidation. Therefore, we suggest a
further oxidative attack of the polymer via HOe radicals gen-
erated by TiO,. According to Llorente-Garcia et al. [14], those
radicals can initiate the degradation of the polymer by break-
ing the C—H bonds. The generated radicals can propagate by
reacting with oxygen, chain imperfections and additives lead-
ing to different species like carbonyls [40]. These species along
with the initial carbonyl ones could go to complex radical reac-
tions leading to auto-oxidation. In an aerobic environment,
this process tends to evolve towards chain scission rather
than cross-linking [41]. Chain scission reduces the molecu-
lar weight of the polymer and increases the mobility of its
amorphous phase [36]. This facilitates even more the easy
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Fig. 4 - FE-SEM micrographs of the evolution of TiO, morphology before (a) and after contacting with LDPE under no
radiation in air (c), N> (d) and Ar (f) atmospheres. (e) TiO, after contacting with LDPE under UVA light in air atmosphere.
LDPE before (b) and after contacting TiO, under no radiation in air (g), N> (h) and Ar (j) atmospheres. (i) LDPE after contacting

with TiO, under UVA light in air atmosphere.

movement of small radicals like HOe inside this phase [40].
Consequently, the propagation can continue deeper crystallis-
ing the polymer. In fact, far from being a negligible process, the
crystallinity of the polymer increases considerably, with new
diffraction maxima appearing (Fig. 3e) [42]. In contrast, the
crystallinity of the semiconductor decreases after this inter-
action (Fig. 3f), which is closely related to the morphology
obtained by FE-SEM (Fig. 4). The spheres that did not have such
close contact with the plastic (Fig. 4c) have a similar morphol-
ogy to the initial one (Fig. 4a) but with a surface completely
covered by granules. This covering, along with the interac-
tion between LDPE and TiO, previously described, could have
caused an amorphisation of the surface of the spheres. On the
other hand, those that have had a more intimate contact are
crumbled (Fig. 4g). Since ButOH is adsorbed on pore and it is
essential to produce HOe radicals that preform the attack to
the polymer, we believe that an intimate contact between the
polymer and these radicals takes place nearby these pores.
These pores are actually the space between anatase nanopar-
ticles, so this interaction could disassemble the hierarchical
structure formed by the nanoparticles. Due to their small
size and loss of coordination with TFAA, these nanoparticles
are extremely reactive. This reactivity would increase further
when losing the hierarchical structure as the nanoparticles
become more unstable. As a consequence, we propose that
they will try to coordinate with the ambient oxygen randomly,
with no order. As a result, their surface becomes amorphous.
Both ways of amorphisation of the TiO, surface could explain
the loose of crystallinity observed by XRD (Fig. 3f). Also, as
a result of the global amorphisation of the powder, it is no

longer possible to detect the presence of brookite. Whether
this implies a change in the brookite/anatase ratio is some-
thing that can not be determined from the XRD data, and it
would actually be interesting to evaluate this possibility in a
more realistic scenario working with microplastics in aqueous
suspension (see “conclusions” section).

Focusing on the polymer, it is not spared from morphologi-
cal changes either, since it is evident that it has been attacked
or exfoliated when it came into contact with titanium. Its sur-
face goes from smooth (Fig. 4b) to porous and pitted (Fig. 4g).
These changes are reported to be related to a degradation of
the polymer [2]. Indeed, they would allow TiO, to access to
deeper layers of the polymer for further attack.

Another clue about a possible interaction between both
materials lies in the other bands observed by emission pho-
toluminescence (Fig. 2e). In fact, this technique is extremely
sensitive to any chemical reaction or molecular adsorption
taking place on the surface of semiconductors [43]. In accor-
dance with the band assignment carried out by Serpone et al.
and Kernazhitsky et al. [27,28], almost all relative intensities
from band to band and recombination transitions decrease.
Only the recombination band at 431 nm maintains a similar
intensity but its width increases, which would imply that this
process is favoured in a wider range of energies. A decrease in
the available surface area (i.e. sphere breakage and/or adsorp-
tion of other species), an increase in the efficiency of charge
separation near the surface by the adsorption of charged
adsorbate, and the capture of holes generated in the mea-
surement by chemisorbed surface hydroxyl groups, could be
some of the reasons for the decrease in intensities [27]. In
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other words, when the TiO, is in contact with LDPE, an inter-
action occurs that creates an alternative pathway for electrons
and holes generated during the measurement. This evidences
an intimate interaction between the two materials. Finally, a
fairly straightforward way to observe whether the interaction
leads to degradation is to measure the thickness of the plastic
bag together with the content of carbon. It is particularly inter-
esting that the data reveal up to a 20% thickness reduction,
from 49.6 pm to 39.5 pm (Fig. 5d) but a slight decrease of the
percent of carbon, from 85.19% to 84.97% (Fig. Se). This means
that the spheres in this environment remove plastic from the
bag, interact with it but do not degrade it in a comparable way.
Nevertheless, some extent of the plastic is degraded.

Study of the LDPE-TiO; interaction: N,/Ar
atmosphere + darkness

According to the results obtained, the system is studied under
inert atmospheres for a more comprehensive study of the
role of oxygen. The first thing to consider in the interpreta-
tion and discussion of these results is the experimental setup
and the permeability of the gases. Due to the experimental
setup, LDPE + TiO, system under an Ar atmosphere is more
isolated from atmospheric oxygen than the system under N,
atmosphere. In addition, this plastic is more permeable to Ar,
then to O, and finally to N, [44]. Thus, it is possible that the
atmospheric oxygen diffuses into the N, system. In view of
the above results, the presence of O, could have implications
for plastic interaction and degradation. With this in mind, the

yellow colouration of the ceramic powder is also observed in
these environments. Although permeability to oxygen in the
environment with N, to form the peroxy titanate complex is
possible, this phenomenon would not be predominant enough
to observe a yellow colouration. Moreover, in Ar’s more imper-
meable environment, the presence of the complex could not
be explained. Since in this experimental procedure vacuum
is applied before changing the atmosphere, it is a parame-
ter to consider. In fact, a pale-yellow colour is given to the
virgin powder after vacuuming. This is correlated with the
decrease in the intensity of v(O—H) bands observed in the
FTIR-ATR spectra (Fig. 2b black vs red curves), due to the des-
orption of water and ButOH from pore. The vacuum applied
is not enough to evaporate these species, keeping a fraction
of them adsorbed on the surface and thus giving colouration
to the powder. When applying an Ar or N, atmosphere, the
gas molecules displace in a greater way the ButOH on pore,
increasing a little bit the v(O—H) band (Fig. 2b light blue and
orange curves respectively) with respect to the virgin powder
after vacuum (Fig. 2b red curve). This displacement is greater
with Ar due to its smaller size. Interestingly, when the ceramic
is with LDPE in these inert atmospheres, the 3094 cm~"! band
drops, leaving only the 3296cm~! band contribution. Both
bands are related to v(O—H) but higher wavelength implies
higher bond strength. Therefore, we suggest that 3094cm~?!
is related to the v(O—H) intermolecular of a hydrogen bond
type interaction between the oxygen of a TiO, nanoparticle
with the hydrogen of adsorbed water (Fig. 2f green) and/or a
v(O—H) intramolecular with a hydrogen of a Ti—OH bond inside
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the same nanoparticle (Fig. 2f yellow). The 3296 cm~! band
would correspond instead to a v(O—H) intermolecular between
an O and H of two different nanoparticles inside the sphere
(Fig. 2f pink). The fact that, in the presence of the polymer,
the 3094 cm~! band drops while the 3296 cm~! band remains
in inert atmosphere, means that there is an intramolecular
contact (inside the nanoparticle) between the plastic and the
TiO, (Fig. 2i) in contrast with the interaction in air atmosphere,
between nanoparticles (Fig. 2g).

For the FTIR-ATR spectra of the polymer, a depletion of
the HALS (3500-2900cm~! and 1644cm™') and vinyl bands
(855 cm1) is also observed (Fig. 3b and c). It also decreases the
intensity of the typical polymer bands (Fig. 3a). In addition, the
carbonyl band at 1715 cm~! disappears in the N, environment
butremains in the Ar one (Fig. 3c). This could be due to the per-
meability of oxygen in the former one. It is worth mentioning
that no radical generation in an inert atmosphere and dark-
ness has been reported [20,45] but since neither of these bands
are observed in the powder spectra (Fig. 2a-c), these results
evidence a clear degradation of the stabilisers. Neither is there
much literature about the degradation mechanisms of LDPE in
an inert atmosphere and the absence of light. However, some
of the minority degradation pathways that occur in the pres-
ence of oxygen are reported to be prominent in the absence of
oxygen. Some of them are the abstraction of hydrogen from
another LDPE chain, transferring the radical by “radical hop-
ping”, and/or cross-linking instead of chain scission [4,41].

The effect of an inert atmosphere should not be neglected
since a new diffraction maximum at 59.28° is observed in XRD
pattern of the polymer (Fig. 3e). Analogously, the crystallinity
of TiO, decreases in a similar way than in the air atmosphere
(Fig. 3f). In contrast, the spheres are not as broken as they were
in the air atmosphere and their surface looks cleaner (Fig. 4d
and f), but the polymer film still looks attacked (Fig. 4h and
j). We suggest that both the loss of crystallinity and stability
of the spherical geometry are due to the interaction with the
polymer. As mentioned, the vacuum allows the polymer to
interact with ButOH without entering between the nanoparti-
cles. As a result, the hierarchical structure might not suffer as
much as in the air environment.

According to the emission photoluminescence spectra, a
similar response of the material in these environments is
observed. The relative intensity of the transitions behaves
analogously to that observed in the oxygen atmosphere with
respect to the original powder (Fig. S3). When comparing the
nitrogen and argon environment with the air one (Fig. S4), the
latter has a minor emission of photoluminescence (includ-
ing oxygen vacancies). When comparing the two former ones,
lower emission photoluminescence is observed in a nitrogen
environment (Fig. S3). This implies, again, an intimate interac-
tion between the two materials regardless of the atmosphere.

Focusing on the oxygen vacancies and following the rea-
soning of the previous section, their reduction should be
accompanied by a stabilisation of the anatase octahedra and
an increase to the typical ~3.2eV band gap [14]. This phe-
nomenon is indeed observed, having the highest band gap
in the samples with the lowest number of oxygen vacan-
cies: 3.25eV (air) >3.14 eV (nitrogen)>3.08 eV (argon)>3.04eV
(original powder). However, the weight gain associated with
the filling of vacancies is not observed (Fig. 1j) because the

weight loss associated with plastic degradation predomi-
nates (Fig. 5d and e). Up to a 20% thickness reduction, from
49.6 pm to 39.6 pm is observed in N, atmosphere, along
with a decrease of the percent of carbon from 85.19% to
84.36%. In argon atmosphere, a slightly smaller reduction in
the carbon percentage (84.67%) is appreciated along with a
more considerably minor reduction of the thickness (47.0 pm).
Interestingly, the behaviour of the materials in nitrogen envi-
ronment reminds of the one observed in air, removing plastic
from the bag beyond its degradation capacity. Instead, lower
activity under argon environment takes place. This is consis-
tent with the permeability of oxygen in the nitrogen system.

Study of the LDPE-TiO, interaction: photocatalysis

So far, plastic interaction and degradation have been observed
in the dark and in aerobic and anaerobic environments. How-
ever, the influence of light on this process is particularly
interesting considering that TiO, is widely known for its
excellent photocatalytic properties. Due to its semiconductor
nature, when it is irradiated with at least the same energy as
its band gap, an electron from the valence band (VB) is pro-
moted to the conduction band (CB), generating a hole (h*) in
the VB. The electron can diffuse to the surface and react with
oxygen to generate oxygen anion radicals (Oze~). Those radi-
cals continue to react until they form HOje and H,0; species.
Regarding the holes, they generate OHe radicals by reacting
with adsorbed water or by being trapped at the bridging oxy-
gen anions. All these ROS species can break chemical bonds
and degrade pollutants. However, it is believed that OHe rad-
icals are the main responsible for the degradation of organic
compounds [6,13].

In this scenario, it is logical to think that the first organic
compounds to be degraded would be those already initially
adsorbed on the surface, like ButOH or the peroxy titanate
complex previously described in a similar way that the deac-
tivation of the superoxide radicals [33]. The degradation of
ButOH is evidenced by the decrease of the v(OH) band in the
FTIR-ATR spectra (Fig. 2b purple curve). Not only this degra-
dation is logically favoured under radiation against darkness
but it also seems that this environment attacks the CO groups
of the TFAA adsorbed on the spheres (Fig. 2¢c). Following the
explanation of “Study of the LDPE-TiO, interaction: air atmo-
sphere + darkness” section, if this functional group is being
degraded, the {001} facets of anatase are destabilised, the
concentration of oxygen vacancies decreases, and the initial
reduced band gap increases [7,31,32]. In fact, a 3.22eV band
gapis achieved, which is very close to the band gap obtained in
darkness and air atmosphere. Instead, the degradation of the
peroxy titanate complex can be seen in the lack of yellowing
of the semiconductor (Fig. 1i).

There is evidence of the degradation not only of the
adsorbed groups on the semiconductor but also of the plas-
tic itself. The FTIR-ATR spectrum of the polymer shows the
removal of HALS and vinyl groups, along with an increase in
the intensity of the CO band (Fig. 5a-c purple curve). How-
ever, it should not be lost sight of the contribution of the
LDPE photolysis. In fact, the empty bag in the same conditions
suffers the same changes (Fig. 5a—c red curve). For the HALS
photodegradation, Kamran et al. [6] propose a predominant
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mechanism where a nitroxide radical reacts with OHe radi-
cals to obtain a carbonyl group by further radical reactions.
An OHe radical is also being reported to start the photodegra-
dation mechanism of LDPE [14,15,34]. As a consequence, the
hydrocarbon chain forms a radical and, through several radi-
calreactions, it evolves into carbonyl groups (aldehyde, ketone
or carboxyl acid). As mentioned, the photogeneration of OHe
radicals is clear for a semiconductor, but for the empty bag,
the hydrocarbon chain cannot absorb UV radiation on its own.
Small unsaturations and carbonyl groups generated during
the processing of the polymer at high temperatures act as
chromophores. They absorb light and provoke the generation
of radicals that start the photolysis of the plastic [4]. However,
the CO band does not increase as much when the titanium is
present. This could indicate partial removal of the CO formed
or less advanced degradation.

Something similar happens with the crystallinity of the
polymer. A comparable crystallinity degree is observed for
both LDPE with and without TiO, under light. However, it is
slightly superior with titanium, since the diffraction maxi-
mum at 59.28° appears (Fig. 3e). It is also worth noting that
the semiconductor with no light can crystallise the polymer
to the same extent. As far as the crystallinity of the ceramic
is concerned, the same degree of amorphisation is observed
so far (Fig. 3f). This effect has been previously related to the
interaction LDPE-TiO,. In fact, in this case a similar decrease in
the emission photoluminescence intensity is observed, but it
decreases more in darkness (Fig. S5). It makes sense consider-
ing that the presence of light allows organic species to degrade
further, decreasing the adsorption of these compounds in the
long-term and thus the alternative pathway for electrons is
not as predominant. As a result, this interaction loses inten-
sity by photoluminescence and the surface of the sphere looks
cleaner (Fig. 4e).

Regarding the morphology of both materials, a degrada-
tion of the polymer is evidenced and the spherical geometry
is better preserved (Fig. 4i) than in the dark (Fig. 4g). A faster
degradation rate due to the e /h* generation, means that the
plastic does not penetrate as deeply into the structure. As a
result, the hierarchical structure does not suffer as much as in
darkness.

Finally, this increased degradation achieved by UVA-visible
light is clearly evidenced by both the thickness and carbon
percentage results obtained (Fig. 5d and e). The empty LDPE
bagunderirradiation maintains the initial thickness (49.5 pm),
whereas the same level of thickness reduction is obtained by
contacting with titanium either under radiation or darkness
(39.5 pm). However, an important difference between a dark
and an irradiated scenario is noticed by chemical analysis.
Radiation leads to the greatest carbon percentage reduction
among all environments, up to 83.45% from 85.19% (Fig. 4e). It
is also noted that in this scenario the measurement is accom-
panied by a higher experimental uncertainty. This is merely
an indicator of a greater dispersion in the measurement. This
isin full agreement with the heterogeneity of the photodegra-
dation of plastic reported by Babaghayou et al. [37]. After all,
it must not be ignored that the ceramic material is the main
promoter of the plastic’s photo-oxidation and it is not fully dis-
persed covering the entire area of the polymer film. Moreover,
since it is a solid-state photo-oxidation process, the move-

ment of radicals is much slower than in aqueous or gaseous
media, being diffusion-controlled [40,46].

Conclusions

The results obtained in this work so far demonstrate that
nanostructured microspheres of TiO, are a promising can-
didate for degradation of LDPE. Their hierarchical structure
brings together the advantages of the reactivity of nanoparti-
cles and the ease of material handling that micrometre size
brings. Moreover, their high specific surface area and the
species adsorbed on their surface have an important role in
the interaction and degradation with LDPE.

In addition, this work sheds some light on the hitherto
largely unnoticed ability of TiO, to work as a catalyst too and
notonly as a photocatalyst or as a catalyst support. In fact, this
semiconductor has achieved a successful interaction and par-
tial solid-state degradation in all scenarios, regardless of the
atmosphere or the presence or absence of radiation. Never-
theless, each environment influences the TiO; response. The
atmosphere influences mainly in the propagation route of the
plastic degradation. An aerobic environment seems to pro-
mote the chain scission of the polymer whereas an anaerobic
environment leads to a cross-linking. On the other hand, the
presence or absence of light is a determining factor in the
speed and mechanism of the polymer photo-oxidation pro-
cess. When the powder is irradiated, the process is much faster
and leads to carbonyl species, whereas under no radiation a
depletion of carbonyl groups is achieved. Moreover, the role
of HALS stabilisers in polymer degradation should also not be
ignored, particularly in dark conditions; since their role is to
protect the polymer by taking radicals, they undergo radical
reactions that can be used for TiO; to precisely attack them
and generate more radicals to escalate the plastic degradation
process.

Finally, it should be mentioned that, independently of the
specific environment, a significant modification (amorphisa-
tion) of the catalyst material is observed as a result of the
interaction with the plastic, which affects its hierarchical
structure and may even have changed the anatase/brookite
ratio. This may compromise its reusability. However, to some
extent, that may be associated with the use of a macro-sized
plastic bag sample model and also because a TiO,-LDPE solid-
state interaction has been promoted. It would be interesting
to further study this interaction in a more realistic scenario,
for example by working with microplastic models in an aque-
ous suspension that would also favour the elimination of
by-products.
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