Journal of Hazardous Materials 463 (2024) 132907

Contents lists available at ScienceDirect

HAZARDOUS
MATERIALS

Journal of Hazardous Materials

ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat

Indirect daylight oxidative degradation of polyethylene microplastics by a
bio-waste modified TiO5-based material

Paola Amato ?, Marzia Fantauzzi”, Filomena Sannino © ", Ida Ritacco ¢, Giuseppe Santoriello d
Matteo Farnesi Camellone °, Claudio Imparato “, Aurelio Bifulco”, Giuseppe Vitiello ® f
Lucia Caporaso®’, Antonella Rossi ™", Antonio Aronne

2 Department of Chemical, Materials and Production Engineering, University of Naples Federico II, Piazzale V. Tecchio 80, I-80125 Naples, Italy
b Department of Chemical and Geological Sciences, University of Cagliari, Campus of Monserrato, 109042 Monserrato, Cagliari, Italy

¢ Department of Agricultural Sciences, University of Naples Federico II, Via Universita 100, I-80055 Portici, Naples, Italy

4 Department of Chemistry and Biology “A. Zambelli”, INSTM Research Unit, University of Salerno, 1-84084 Fisciano, Salerno, Italy

€ CNR-IOM, Consiglio Nazionale delle Ricerche — Istituto Officina dei Materiali, I-34136 Trieste, Italy

£ CSGI, Center for Colloid and Surface Science, Via della Lastruccia 3, I-50019 Sesto Fiorentino, Florence, Italy

HIGHLIGHTS GRAPHICAL ABSTRACT

e A new hybrid material (T-Abi) was syn-
thesized by a waste-to-wealth approach.

o Rosin bio-waste acts as ligand to Ti**
forming charge-transfer complex.

e O3 radicals are generated on T-Abi
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ARTICLE INFO ABSTRACT
Editor:Dr. Y Deng Microplastics are recognized as an emerging critical issue for the environment. Here an innovative chemical
approach for the treatment of microplastics is proposed, based on an oxidative process that does not require any
Keywords: direct energy source (irradiation or heat). Linear low-density polyethylene (LLDPE) was selected as target
;na.mum dioxide commodity polymer, due to its widespread use, chemical inertness and inefficient recycling. This route is based
osin

on a hybrid material coupling titanium oxide with a bio-waste, rosin, mainly constituted by abietic acid, through
a simple sol-gel synthesis procedure. The ligand-to-metal charge transfer complexes formed between rosin and
Ti** allow the generation of reactive oxygen species without UV irradiation for its activation. In agreement with
theorical calculations, superoxide radical ions are stabilized at ambient conditions on the surface of the hybrid
TiO,. Consequently, an impressive degradation of LLDPE is observed after 1 month exposure in a batch
configuration under indirect daylight, as evidenced by the products revealed by gas chromatography-mass
spectrometry analysis and by chemical and structural modifications of the polymer surface. In a context of
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waste exploitation, this innovative and sustainable approach represents a promising cost-effective strategy for
the oxidative degradation of microplastics, without producing any toxic by-products.

1. Introduction

The excellent chemical stability, the high durability and the low cost
of plastics have determined their widespread usage in the world
reaching, recently, a global annual production of about 380 million tons,
60 % of which are polyolefins. Considering 250 million tons of plastic
wastes yearly produced, only 60 % of them are collected [1,2].

Plastics are persistent man-made pollutants and represent a global
problem due to their ubiquitous presence and adverse effects on living
organisms. Owing to ineffective recycling procedures, massive amounts
of plastic wastes have accumulated in terrestrial and aquatic ecosystems,
as landfilling is one of the most common solutions for end-of-life prod-
ucts. The largest amount of these wastes is composed by single-use
plastics, mainly polyethylene and polypropylene, due to their use in
the manufacturing of packaging, dining utensils, trash bags. Poly-
ethylene accounts for up to 64 % of the waste generated from end-of-life
synthetic plastics, causing white pollution [3-5]. Large amounts of
plastic wastes that are not effectively recycled, incinerated for energy
recovery, or properly disposed of in controlled landfills, are likely to
disperse and accumulate in the environment. The breakdown of large
plastics into microplastics (MPs) (particles size = 1 um-5 mm) and
nanoplastics (NPs) (particles size < 1 um) [6] is affected by the
physico-chemical properties of the polymers and the different environ-
mental conditions like weathering, temperature, irradiation as well as
pH. It is reported that by 2060, the proportion of MPs in the weight of
global plastic pollutants will reach 13.2 % [7].

MPs with varied shapes, including beads, foams, fibers, and films
[8-10], have been detected in air, aquatic system, river and ocean
sediments as well as in soil [11-14]. The average abundance of MPs
varied greatly among the different studied areas. In the European cities,
the mean atmospheric MPs abundance from dry and wet deposition has
been found between 118 (Paris) and 275 (Hamburg) particles m2d?!
[15,16]. In the Midwest Pacific Ocean, the abundance of MPs ranged
from 6028 to 95,335 pieces/kmz, with a mean concentration of 34,039
+ 25,101 pieces/km? [12]. Mulching soils contain larger amounts of
MPs than non-mulching soils, with 571 pieces kg ! and 263 pieces kg™,
respectively, on average [14].

The fast release of MPs with their combined high resistance against
degradation results in a rapid accumulation of these particles in the
natural environment [9]. The chronic toxicity caused by long-term
exposure to MPs poses a tremendous threat to biota and humans. MPs
can enter in natural ecosystems easily through the food chain acting as
ideal carriers of toxic organic and inorganic contaminants [17]. Partic-
ularly, due to the relatively large specific surface area of MPs, heavy
metals [18] and persistent organic pollutants [19] may adhere and
accumulate at the surface of MPs and then migrate into the environment.

Several technologies have been implemented to face this environ-
mental emergency. Before entering the environment, wastewaters are
treated in wastewater treatment plants (WWTPs), where the final stage,
the tertiary treatment, exploits membrane bioreactor, sand filtration and
dissolved air floatation. Despite the relative high MPs removal efficiency
in WWTPs (98-99.9 %), the amount of MPs in the effluents can be
reduced via physical trapping methods like coagulation, membrane-
based filtration and adsorption on specific adsorbents. The strategies
based on simple physical separation cannot permanently address the
pollution of MPs due to the lack of treatments to eliminate or recycle the
separated and collected MPs debris and particles. This evidence has led
to the development of chemical strategies to degrade and permanently
remove MPs. The most recently investigated methods for the treatment
of microplastics are Advanced Oxidation Processes (AOPs) and biodeg-
radation [20-23]. AOPs include various degradation strategies able to

eliminate organic pollutants by Reactive Oxygen Species (ROS), such as
OH* and O3, possessing high standard reduction potentials, which can
non-selectively break the chemical bonds allowing to degrade and even
mineralize pollutants [24-33]. Biodegradation is driven by natural or
modified enzymes and microorganisms, which are able to break down
enzymatically the polymeric macromolecules into smaller fragments,
potentially allowing the complete mineralization [34]. This process in-
volves simple and easy operations and is characterized by low cost,
flexibility, and relative safety. However, the biodegradation rates
remain low and the impact of degradation products and the disposal of
biomass resulting from biological treatment are still to be clarified [35,
36].

Besides efficient degradation processes, the scientific community
and governments are looking for always more effective and easy scalable
recycling methodologies [37-39]. Among the most used recycling stra-
tegies for plastics, chemical recycling is gaining importance, as it allows,
at specific conditions, the recovery of the polymer matrix or the depo-
lymerization of the waste to original monomers, fuels, or valuable low
molecular weight chemicals (LMWCs) with potential for upcycled ap-
plications [40,41]. For example, LMWCs may be exploited as raw ma-
terials for the production of hydrogen or other chemical conversions.
However, chemical recycling is still very expensive and energy-intensive
compared to mechanical recycling and incineration. Similarly to
solvent-assisted depolymerization processes, the catalytic oxidative
degradation of microplastics may be used to obtain LMWCs without any
involvement of strong acid or basic solutions, as well as supercritical
solvents [42]. Catalytic oxidative degradation processes may be a
valuable alternative for selectively converting plastic wastes to valuable
and isolable chemicals.

Recently, an innovative strategy of pollutants degradation was pro-
posed in which ROS were generated on the surface of inorganic-organic
hybrid gel-derived materials at room temperature under indirect
daylight without requiring any excitation source [43,44]. It was shown
that this behavior was driven by the formation of Ligand-to-Metal
Charge Transfer (LMCT) complexes occurring between suitable
organic molecules and titanium or zirconium [45-47].

In this work, a new hybrid TiO»-based material was synthesized, by a
waste-to-wealth approach, adopting a sol-gel route that makes use of
green solvents, available materials, and energy-efficient protocols. The
organic constituent is rosin, a bio-waste material, composed by a
mixture of resin acids and natural terpenes derived from the distillation
of pine resin, from tall oil (a by-product of the Kraft process) or from
aged pine stumps. Rosin often requires costly and time-consuming
chemical transformations to be used in the synthesis of new materials.
Here its direct conjugation with titanium was obtained by a simple sol-
gel procedure. The obtained organic-modified TiO, material, “T-Abi”,
was able to promote the oxidative degradation at room temperature of
polymeric films of linear low-density polyethylene (LLDPE) under in-
direct daylight conditions. In these mild conditions, a remarkable
oxidative degradation of LLDPE films was observed within 1 month
producing alkanes, alcohols, esters as degradation by-products. This
stands out to be a promising process to degrade plastic wastes for two
main reasons: no secondary pollutants are formed, and the degradation
by-products detected by GC-MS are the proof that this process can be
optimized to become in the future an example of tertiary recycling [21].
The wide structural and physico-chemical characterization, supported
also by density functional theory (DFT) calculations, has revealed that
the bio-waste modified TiO, material allows the stabilization of radical
anions (03) on its surface, playing a key role in the oxidative degrada-
tion mechanism of LLDPE.
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2. Experimental
2.1. Materials

All chemicals were used as received without further purification.
Titanium (IV) n-butoxide (Ti(OBu)4, 97+ %) and ethanol (EtOH, 99.8+
%) were provided by Sigma-Aldrich (Milan, Italy). Commercial rosin
was used as bio-waste. Flexirene FG 20 F, a linear low-density poly-
ethylene (LLDPE), manufactured as 150 pm thick films, was supplied by
Blu Plast s.r.l.

2.2. Synthesis of T-Abi hybrid material

The hybrid TiO,-based material was prepared by a hydrolytic sol-gel
route. In a typical procedure, a solution containing 5 mL of titanium (IV)
n-butoxide, 20 mL of ethanol and 0.88 g of rosin (acting as a complexing
ligand) was prepared and stirred for about 30 min. Then a second so-
lution containing distilled water and ethanol was prepared and mixed
with the first one. The resulting molar ratio Ti: rosin: ethanol: water was
1: 0.2: 24: 4. The final solution was stirred for 2 h and after ageing at
room temperature for 24 h, it was centrifuged. The resulting particulate
gel was dried at 50 °C in a ventilated oven until constant weight to
obtain a light-yellow powder material, named T-Abi as abietic acid was
the major component of the rosin.

2.3. Computational details

DFT calculations were performed within Periodic Boundary Condi-
tions (PBC) using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional based on the generalized gradient approxima-
tion (GGA) [48] and ultrasoft pseudopotentials. The spin polarized
Kohn-Sham equations were solved in the plane wave pseudopotential
framework, with the wavefunction basis set and the Fourier represen-
tation of the charge density being limited by kinetic cutoffs of 25 and
250 Ry, respectively. The Quantum Expresso code [49] was employed
for all calculations. It is well established that the addition of a Hubbard
U term acting on the Ti 3d orbitals allows for a more accurate descrip-
tion of the electronic structure of titanium dioxide-based materials [50,
51]. In line with previous studies, we employed a U value of 3.9 eV [45,
52,53].

The abietic acid (HAbi) molecule interacts with the TiO, anatase
surface (ATiOy) in its deprotonated form (abietate, Abi), therefore all
simulations were carried out in neutral conditions adding a proton H' as
counter-ion on O2c (bi-coordinated O) atoms of the bottom layer of the
surface according to previous theoretical studies [45,54,55].

Periodic slabs of ATiO, (101) were modeled by using a tetragonal (3
x 3) supercell with (TiO3)s4 units and three TiO; layers, for a total of
162 atoms, with a vacuum separation of 30 A. The Brillouin zone inte-
gration was performed on the I point only.

The O-defective system (161 atoms) was modeled by removing an
O2c atom from the external layer of the metal-oxide surface (VO1)
having the lowest formation energies (Eform) [45]. The modeled system
consists of 214(213) atoms when the abietate adsorption occurs on
stoichiometric (O-defective) TiO5 (101).

The adsorption energy of abietate was computed using the formula
Eads= Esurr/abi - (Esurr + Enabi), Where Egyrr/abi is the energy of the
combined system (namely the surface plus the abietate), Esygr is the
energy of the stoichiometric (Eatio2 (101)) and/or O-defective surface
(Evo1) alone, and Eyapi is the energy of the abietic acid in gas phase.
Oxygen molecules adsorption was calculated by using Eags(O2) = Esyrr/
Abi/no2 - (Esure/abi + NEo2) where Egurr/abimoz is the energy of the
system in which the oxygen molecules are adsorbed on the anatase
surface in presence of organic ligand and nEg; is the energy of the ox-
ygen molecule in gas phase.

Electronic properties were investigated only for the most stable O-
defective anatase (101) surface (VO1) with which the organic ligand

Journal of Hazardous Materials 463 (2024) 132907

interacts more strongly than stoichiometric ATiO, (101) one.

The charge analysis was performed following the Bader’s theory
since the charge enclosed within the Bader volume can be considered a
good approximation of the total electronic charge of an atom [56,57].
The differences between the Bader charges of the gas phase and coor-
dinated abietate and Oy molecules (Aq, €) were calculated according to
the equation Aq = X q(SURF/Abi or SURF/Abi/n0,) - £ q(HAbi or nO5),
where ¥ q(SURF/Abi or SURF/Abi/n0,) is the sum of the Bader charges
of abietate and nO, in presence of organic ligand adsorbed on VO1
anatase surface, while £ q(HADbi or nOy) is the sum of the free abietate
and nO,.

Benchmark calculations were performed to understand the role of
van der Waals (vdW) interactions on the adsorption of abietate on the
ATiO2 (101) surface, employing the zero damping DFT-D3 method of
Grimme [58]. Since the corresponding results suggested that the inclu-
sion of vdW forces does not change the energy stability trend, the E,qs
deriving from the vdW calculations will not be considered in this work.

2.4. Physicochemical characterization of T-Abi

The chemical structure of the chosen bio-waste and that of the syn-
thesized T-Abi were studied by Fourier Transform Infrared (FTIR)
spectroscopy by using a Nicolet Instrument Nexus model (Thermo Sci-
entific,c, Waltham, MA, USA) that was equipped with a DTGS KBr
(deuterated triglycine sulfate with potassium bromide windows) de-
tector. FTIR spectra were recorded in the 4000-400 cm™ range at a
resolution of 2 em™ on pressed disks of powders that had been previ-
ously diluted in KBr (1 wt%). The FTIR spectrum of each sample was
corrected based on a spectrum of blank KBr.

X-Ray Diffraction (XRD) experiments were carried out with a Mal-
vern Panalytical diffractometer (Malvern, UK) with a nickel filter and Cu
Ka radiation to investigate the structure of the rosin sample and T-Abi.

Following the X-ray Photoelectron Spectroscopy (XPS), it was
possible to assess that the rosin samples are mainly abietic acid in
agreement with the speciation and the composition (at%). XPS analyses
were performed on powdered samples mounted on copper bi-adhesive
tape and analyzed by a Theta Probe spectrometer (Thermo Fisher Sci-
entific) equipped with an Al Ka X-ray source (hv = 1486.6 eV). A
nominal 400 pm spot size (100.5 W) was used for acquiring the spectra.
Survey and high-resolution spectra were obtained in fixed analyzer
transmission (FAT) mode and the pass energy was set at 200 eV and 100
eV for the wide scan and narrow (high resolution spectra) scan spectra,
respectively. Under these conditions, the full width at half-maximum of
Ag 3ds,2 peak acquired on a sputtered silver sample was 0.96 eV. To
verify the linearity of the binding energy scale, a periodic calibration
was performed following ISO 15472:2010. A flood gun neutralizer was
used to compensate for sample charging. The spectra were acquired in
the standard lens mode, and, under this condition, the emission angle
was 53°. For each sample, three different areas were analyzed. The total
duration of the acquisition was 30 min in each analyzed area. The
binding energy scale was referenced to the aliphatic carbon component
at 285.0 eV.

XPS spectra were processed by CasaXPS software (version
2.3.24PR1.0) [59]. An iterated Shirley — Sherwood background was
subtracted before curve fitting. The product of Gaussian and Lorentzian
functions was used as model functions. Quantitative composition was
calculated using the first-principle method [60] under the assumption
that the samples were homogeneous in composition.

The optical properties of T-Abi were investigated by performing
Diffuse-Reflectance UV-vis (DRUV) measurements with a UV-2600i
UV-VIS spectrophotometer, 230 V (Shimadzu, Milan, Italy), equipped
with an integrating sphere ISR-2600Plus operating in a wavelength
range of 220-1400 nm. Barium sulfate was used as a reflectance stan-
dard. The measured intensity was expressed as the value of the Kubelka-
Munk function, F(R), while the direct band-gap energy value was eval-
uated according to the Tauc-plot linearization of (F(Rh)2 against hv.



P. Amato et al.

Electron Paramagnetic Resonance (EPR) spectroscopy was exploited
to check the presence of radical species on the studied material. The
spectra were acquired at room temperature with an X-band (9 GHz)
Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, Germany),
collecting 16 scans, selecting the following instrumental settings: sweep
width, 140 G; resolution, 1024 points; modulation frequency, 100 kHz;
modulation amplitude, 1.0 G; time constant, 20.5 ms; attenuation, 10
dB. The g-factor values were evaluated by means of an internal standard,
Mn?*-doped MgO. An EPR spin-trapping experiment was also performed
to detect ROS generation in aqueous environment. The following pro-
cedure was adopted: a specific amount of 5,5-dimethyl-1-pyrroline-1-
oxide (DMPO) spin-trap (20 mmol/L) was added to an aqueous sus-
pension of T-Abi at a concentration of 1 mg/mL kept in dark. After 10
min from the dispersion preparation, the sample was centrifuged to
recover the supernatant, which was placed in a capillary to be analyzed
by EPR. The spectrum was recorded with an attenuation of 15 dB and 64
scans were accumulated.

The Thermogravimetric (TG) and Differential Thermal (DTA) ana-
lyses were conducted to investigate the thermal behavior of T-Abi by
using a TA Instrument simultaneous thermo-analyzer SDT Q600 (TA
instrument, New Castle, DE, USA). To evaluate the weight loss, about 10
mg of the sample was placed in a platinum pan and tested in inert at-
mosphere. The analysis was carried out in the temperature range be-
tween 25 °C and 900 °C with a heating rate of 10 °C/min.

2.5. LLDPE degradation tests

A reaction system was set-up as follows. An aqueous suspension of T-
Abi (1 mg/mL) was prepared in a 50 mL volume becker. Then, after
stirring it for about 10 min, 12 pieces of LLDPE films (5 mm x 5 mm)
were added to the suspension. The whole system was kept under mag-
netic stirring for 4 days, 14 days and 1 month, so to investigate the
degradation of the polymeric films at different incubation times. The
tests were performed at room temperature (about 30 °C) in indirect
daylight conditions, i.e., under artificial laboratory illumination during
the working days and darkness along the night. The analysis of the
treated LLDPE samples was carried out in triplicate at each time point.

2.6. Characterization of LLDPE films

XRD analysis on polymeric films was performed as previously
described to check the change in the crystalline structure of LLDPE
following the treatment with T-Abi. The crystal structure of polyethylene
is orthorhombic and for the orthorhombic system the values of a and b
can be calculated with the equation:

1 n K P

F-ztyta M
Where d is defined as the distance between adjacent planes in the set
(hkl), while the crystallinity index (X.) is a quantitative indicator of
crystallinity, and it was calculated according to:

Area of all the crystalline peaks

Crystallinity index, X (%) =
rystallinity index, X (%) Area of all the crystalline and amorphous peaks

@
In addition, the mean crystallite sizes were determined taking

advantage of Scherrer’s equation:

kA
" Pcosd

3

Where D is the mean size of the crystallite domains, k is a dimensionless
shape factor generally considered as 0.9, A is the X-ray wavelength, f is
the half-height width (FWHM) and 0 is the Bragg angle.

Thermal properties of LLDPE samples were determined by per-
forming a Differential Scanning Calorimetry (DSC) analysis. DSC mea-
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surements were carried out on film samples by using the same TA
instrument described above for TG-DTA. The melting enthalpy was
determined by integrating the melting peak using the software Origin-
Pro by OriginLab Corporation. The degree of crystallization of the
samples was calculated by dividing AH,, (i.e., the sample melting
enthalpy), by AHp (i.e., the theoretical value of the melting enthalpy of
100 % crystalline LDPE):

AH,,

Crystallinity index, X.(%) = AN
0

(%) 4

The value AHy = 293 J/g was used in calculations [61].

Attenuated Total Reflectance Fourier Transform Infrared spectros-
copy (ATR-FTIR) analysis on LLDPE films was carried out for finding out
any alterations in the chemical structure. The samples were placed on a
ZnSe crystal, and the ATR-FTIR absorption spectra were recorded in the
4000-400 cm™ range with 8 cm™ spectral resolution. The spectrum of
each sample was corrected for that of blank, which was carried out in
air. ATR-FTIR spectra allowed the estimation of the degradation effi-
ciency of LLDPE films through the Carbonyl Index (C.I.) method [62]. C.
L. was calculated as the ratio between the absorbance of the carbonyl
groups (1700-1500 cm™) and the absorbance of the reference peak of
CH, and CHj at (1480-1420 cm™) [63]:

Absorption of carbonyl species (1700 — 1500cm™")
Carbonyl Index (C.I) =
arbonyl Index (C.1) = = ption of CH,, CH, (1480 — 1420cm 1)

(5)

2.7. Identification of degradation by-products from LLDPE by GC-MS

The degradation intermediates were identified by Gas
Chromatography-Mass Spectrometry (GC-MS) according to the standard
spectra of the NIST 1.7 library data. Prior to GC-MS analysis, the
lyophilized samples, obtained after 1 month of incubation of LLDPE with
T-Abi, were extracted by using three different organic solvents, toluene,
hexane and chloroform. The same experimental procedure was per-
formed for the controls, obtained after the same incubation time (1
month) but without T-Abi.

All the samples were analysed on a Perkin Elmer AutoSystemTMXL
GC, equipped with a Programmed Temperature Split/Splitless injector; a
Restek Rtx-5MS capillary column (5 % diphenyl-95 % dimethylpolysi-
loxane, 30 m x 0.25 mm, 0.25 pym) and a Perkin-Elmer Turbo Mass
Goldmass-spectrometer. The initial temperature of the column oven was
held at 40 °C for 5 min, and then heated up to 285 °C at a ramping rate
of 5°C/min. Helium was used as carrier gas. Mass spectrometric
detection was operated with 70 eV electron impact (EI) mode at an
ionization current of 50 pA and an ion source temperature of 250 °C.
The mass spectra were recorded in a full scan mode (m/z 50-1000) for
qualitative analysis.

3. Results and discussion
3.1. Bio-waste characterization

Rosin, a natural bio-waste generally consisting in a mixture of resin
acids, was chosen to explore its interaction with titanium, based on the
coordination ability of carboxylic acids, and the potential consequences
on the redox properties of the modified titanium oxide. An accurate
chemical characterization of the bio-waste was first carried out by XRD,
XPS and FTIR analyses. The XRD pattern shows the broad peak at about
15° of 20 typical of rosins [64] (Fig. S1). XPS survey spectra acquired on
a powdered bio-waste sample indicate the presence of only carbon and
oxygen (Fig. 1a). The curve fitting of high-resolution spectra of C 1s
(Fig. 1b) and O 1s (Fig. 1c) signals was performed considering the
functional groups and the stoichiometry of abietic acid, assuming that
this compound is the major component of the bio-waste sample. In order
to take into account the presence of abietic acid, C 1 s signal (Fig. 1b)



P. Amato et al.

Journal of Hazardous Materials 463 (2024) 132907

Binding Energy (eV)

C 1s HAbi | Abi (at%)
w
5 « Experimental i./' C ( HADbi) 69 (4)
== =« C-C+C-H+C=C HADbi j/ . .
— - -CO(;H H;bi I ;! ‘ C (contamination) 19 (4)
5 = =C aliph taminati 3 .
2 S | ~--cocontaminaton p \‘ 0 (C=0 - HAbi) 52(0.1)
~ . - - C=0 taminat 3 «
> g S| I Emematen AR\ O (C-OH — HAbi) 52(0.1)
) - > .
2| g - = i O (third component) 1.90 (0.03)
- B 5
£ o £
—— HAbi E—
(a) (b)
T T T T T T 1 T T T T T T T 1
1200 1000 800 600 400 200 0 204 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
O 1s HAbi .
2
¢ Experimental I [
= =C=0 HAbi . .
— < C-OH HAbi b 4 v o
—_ - =01sll
= — -Envelope {j . ,‘1 8
© /' \ @®
< il ‘; o
£ sioAS 2
c 7 & \ Q
3] F; / / \_ \ <
c SN / '\ (C)
& / % .
- .!. . N e N
T T T T T 1 T T T v T T T T T
540 538 536 534 532 530 528 4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber /cm'1

Fig. 1. XPS spectra of the powdered bio-waste sample: a) survey spectrum; b) C 1 s high-resolution spectrum: aliphatic and olefinic carbons are shadowed in pink (BE
= 285.0 eV), carboxylic carbon in green (BE = 289.3 eV), ¢) O 1 s high-resolution spectrum: C—O oxygen of carboxylic group (BE = 532.4 eV) is shadowed in blue
and C-OH oxygen (BE = 533.4 eV) in orange; d) FTIR spectrum of the bio-waste. The structure of abietic acid and the quantitative composition (at%) by XPS analysis

are also reported.

was fitted considering two components ascribed to aliphatic and olefinic
carbon and to carboxylic carbon of the abietic acid, located at 285.0
(0.1) eV and 289.3 (0.2) eV [65] respectively and with an area ratio of
17:1 according to the stoichiometry of the chemical formula provided in
Fig. 1. Three components, which are not assignable to abietic acid, might
be attributed to aliphatic carbon (BE = 285.0 eV), and to other organic
compounds with functional groups as C-O (BE = 286.3 (0.2) eV) and
C=O0 (287.5 (0.2) eV) [65]. These species may be present in the mixture
but the possible contribution of organic contamination due to contact of
the samples with the environment cannot be ruled out. These compo-
nents are shadowed in gray in Fig. 1b.

The O 1 s signal was fitted with two Gaussian/Lorentzian curves at
532.4 (0.1) eV and 533.4 (0.1) eV ascribed to C=0 and to C-OH oxygen
in carboxylic group, respectively [66]. The area ratio between these
components is constrained equal to 1, according to the stoichiometry. A
further component is found at 534.6 eV and it might be ascribed to
adsorbed oxygen-containing compounds [67]. Another possibility for
the presence such a component might be the Auger signal of sodium, but
sodium contamination can be ruled out since other Na signals are not
revealed.

The quantitative composition of the powdered bio-waste sample is
given in the Table reported in Fig. 1. Considering Cls signal, it is
possible to estimate the amount of abietic acid in the bio-waste and it
resulted to be about 80 %. The experimental (Oc—o _ abi + Oc.0H - abi)/
Cabi at% ratio was found to be 0.15 (0.01), that is higher than the ex-
pected ratio from stoichiometry (0.11). This might be due to the pres-
ence of other carboxylate-bearing constituents of the bio-waste.

The chemical structure of the bio-waste was further investigated by
FTIR spectroscopy. The material exhibits absorption bands at 2958 em’!
and 2934 cm™! (Vas o), at 2868 em™ (v c.p) and a pronounced one at
1693 cm™ (v ¢—o) (Fig. 2). Absorption bands at 1460 cm’! (8as c.n) and

at 1278 cm™ (v c-o0) are also observed. The assignment of recognized IR
bands (Fig. S2) is summarized in Table S1.

Therefore, according to the above results, it can be asserted that the
adopted bio-waste is mainly constituted by abietic acid, the major
terpene belonging to the mixture of resin acids [68-70].

In the following, the bio-waste at issue will be considered as formed
by abietic acid only and will be indicated as HADi.

3.2. Theoretical investigation of the interaction between abietic acid and
TiOz surface

Once known the chemical composition of the bio-waste, before
designing a synthesis procedure, DFT calculations were employed to
verify if the abietic acid can form LMCT complexes with Ti**, as
occurred for carboxylic acids, diols, f-diketones [45]. These complexes
play a key role in the stabilization of ROS species on the surface of the
hybrid materials [43-45]. To this aim, a detailed study of the interaction
between abietic acid molecule and stoichiometric as well as O-defective
TiO4 anatase (101) surfaces (Fig. S3 of the SI) was performed. As a
matter of fact, due to its disordered structure, the anatase surface with
oxygen vacancies may better represent the hybrid surface than a stoi-
chiometric one. Reduced TiO2 (101) anatase surface was modeled by
removing a two-coordinated O atom from the external layer of the
surface resulting in two unsaturated and reduced Ti®" atoms. This O
vacancy is the most favorable showing the lowest O vacancy formation
energy, in agreement with previous studies [45,71].

The abietic acid molecule is expected to interact with TiO; in its
deprotonated form (abietate, Abi). The adsorption energies (E,qs, €V) of
the most stable interaction between abietate and stoichiometric TiO5
anatase surface, ATiOy (101) surface, is — 1.4 eV (see SI, Fig. S3).
Despite this quite favorable E,qs value, our results indicate that the
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Fig. 2. a) Optimized structure of the interaction of abietate with O-defective anatase surface (101) with the corresponding E.g4s (eV). Ti, C, H, and O surface and
ligand atoms are represented in ball and sticks and depicted in gray, yellow, cyan, and red, respectively. b) PDOS and c) spin density plots for abietate on VO1 system,
respectively. The state of titanium (Ti) and oxygen (O) surface atoms, oxygen (O,p), carbon (C) and hydrogen (H) ligand atoms are represented in purple, green, red,
blue, and cyan, respectively. On the DOS (a.u.) axis, the values above and below 0 a.u. indicate the electrons with spin up and spin down, respectively. The Fermi

energy level is represented with a red line at 0 eV.

adsorption of the organic ligand on O-defective anatase surface (VO1)
remains preferred by 0.6 eV. For this reason, in the following, we will
focus only on the interaction between the abietate and the reduced
anatase surface (101).

3.2.1. Adsorption of abietate on the O-defective anatase (101) surface
Fig. 2a shows the optimized geometry of the most stable structure
with the abietate adsorbed on the reduced anatase surface VO1. The
computed value of the adsorption energy is of — 2.0 eV. In this config-
uration the abietate molecule coordinates the VO1 surface adopting a
bidentate coordination mode with the oxygen atoms of the carboxylate
group bonded to the two tetra-coordinated reduced Ti®* atoms (Til and
Ti2) deriving from the formation of the vacancy VO1. As a result,
abietate restores the hexa-coordinated configuration of Til and Ti2.
The PDOS plots of the lowest energy configuration of abietate co-
ordinated to VO1 surface, displayed in Fig. 2b, show a valence band (VB)
with mainly O 2s and 2p characters and a conduction band (CB) with Ti
3d character. The computed value of the bandgap is 2.3 eV, in agree-
ment with the experimentally calculated value (see below). This value is
smaller than the one calculated for other carboxylic acids [46], and
B-diketones [45] as well as for the stoichiometric anatase surface
(experimental gap of 3.2 eV [53,72,73] and theoretical gap of 3.0 eV
[45,53]), suggesting that the coordination of abietate significantly

reduces the TiO5 surface bandgap. Filled bandgap states are generated
due to the conjugated double bond of the diterpene (blue peaks between
2.0 and —2.2 eV and at —0.2 eV) and the two reduced Ti®t atoms
(purple peaks at —0.9 eV) [45] as confirmed by spin density analyses
where the electron excess on the organic ligand and the two Ti>" are
indicated with blue and purple densities, respectively, analogously to
the colors of the respective bandgap peaks (Fig. 2c).

The computed variation of Bader charges (Aq, €), calculated as the
difference between the charges of the ligand atoms in VO1-bound and
free forms, indicates a charge transfer from the organic ligand to VO1 of
about 0.3 e which adds to the excess charge already present on the
surface, in agreement with the LMCT suggested by DRUV spectroscopy.

3.2.2. Adsorption of Oz molecules on the O-defective anatase (101) surface
coordinated with abietate

In order to investigate the capability of the abietate-modified TiO; to
form ROS in ambient conditions, the interaction between O, molecules
and the hybrid surface was simulated. Fig. 3a shows a plot of two Oq
molecules (representative of the “high oxygen coverage” which better
reproduces the experimental conditions [45]) adsorbed on the
O-defective anatase (101) surface VO1 in presence of the coordinated
organic ligand. In this case, the two O molecules bind VO1 with an
adsorption energy of — 1.2 eV.
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Fig. 3. a) Optimized structure of two O adsorption on VO1 surface in presence of abietate with the corresponding E,qs (eV). Ti, C, H, O surface and ligand atoms and
0O, molecules are represented in ball and sticks and depicted in gray, yellow, cyan, red, and green respectively. b) PDOS and c) spin density plots for 2 O, on O-
defective anatase (101) surface in presence of abietate, respectively. The state of titanium (Ti) and oxygen (O) surface atoms, oxygen (O,p,), carbon (C), hydrogen (H)
ligand atoms and oxygen (O») molecules are represented in purple, green, red, blue, cyan and orange, respectively. On the DOS (a.u.) axis, the values above and
below 0 a.u. indicate the electrons with spin up and spin down, respectively. The Fermi energy level is represented with a red line at 0 eV.

The adsorption of the Oy molecules on VO1 is accompanied by a
charge transfer from the surface to the Oz molecules that turn into su-
peroxide radical anions (O%). The superoxide radical anions formation is
confirmed by the 0-O bond elongation, which goes from 1.23 A in the
gas phase Oy molecule to 1.33 A in the surface-bound form, and by the
change in the magnetic moment () for each oxygen atom (|pO1| |pO2|),
which becomes half of the original magnetic moment of O, in gas phase
(]0.5| |0.5| vs |1.0] |1.0|). This is confirmed by the Bader charge analysis
(Aq, €) that indicates a gain of 0.5e” for each oxygen atom in the Oy

adsorbed form compared to the O; free form and by spin density ana-
lyses in Fig. 3 [45,74,75]. In addition, the PDOS plot (Fig. 3b) reveals
that the adsorption of two Oy molecules (high oxygen coverage) gen-
erates band gap states related to the transfer of the two electrons from
the surface to the n * orbital of each oxygen molecule (orange peak),
while the bandgap states related to Ti>* disappear (see purple peaks in
Fig. 2b), indicating that the formation of two O3 is accompanied by
oxidation of Ti>* to Ti** [47,76,77]. PDOS plot also displays a bandgap
state above the Fermi level (0eV) corresponding to the empty
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Fig. 4. XPS spectra of the T-Abi sample: a) C 1 s high-resolution spectrum: aliphatic and olefinic carbons are shadowed in pink (BE = 285.0 eV), carboxylic carbon in
green (BE = 289.3 eV), b) O 1 s high-resolution spectrum: the components ascribed to 0% (BE = 530.7 eV) and OH" (BE = 531.9 €V) or oxygen in defective sites are
shadowed in green; COO™ oxygen atoms of carboxylic group from the abietic acid (BE = 532.7 eV) is shadowed in blue; ¢) Ti 2p signal; d) FTIR spectrum of T-Abi. The

quantitative composition (at%) by XPS analysis is reported in the Table.
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02p* orbital of the Oy molecules. This is further evidence that the Oy
high coverage adsorption leads to the formation of superoxide radical
anions O3

The PDOS plots in the absence and in the presence of Oy (compare
Figs. 2b and 3b) confirm that the adsorption of oxygen molecules does
not affect the bandgap value of the system, which remains unchanged at
2.3 eV.

3.3. Physicochemical characterization of T-Abi hybrid material

Following the encouraging results of DFT modeling, a TiO,-abietate
(T-Abi) hybrid material was synthesized via sol-gel and its chemical,
structural, and optoelectronic properties were characterized in detail.

XPS survey of T-Abi shows the presence of Ti signals together with
carbon and oxygen ones (Fig. S4). The high-resolution spectra of C 1s, O
1s and Ti 2p and the quantitative composition (at%) of the hybrid ma-
terial determined by XPS are given in the Table reported in Fig. 4. Curve
fitting was performed for substantiating and implementing the infor-
mation on the charge transfer complex T-Abi. Curve fitting was per-
formed using the same parameters applied for verifying the composition
of the Abi sample. The carbon Cls signal was fitted with two compo-
nents ascribed to the aliphatic and olefinic carbon and to the carboxylic
carbon of the abietic acid; the signals were found at 285.0 (0.1) eV and
289.3(0.2) eV [65] (Fig. 4a). Also, in this case two more components are
found (Fig. 4a). They do not belong to the abietic acid and they might be
assigned to aliphatic (BE = 285.0 eV) and to C-O (BE = 286.3 (0.2) eV)
bearing-functional groups [65] from different species including alcohol
molecules derived from the synthesis of the material and organic
contamination due to contact with the environment.

The oxygen, O 1 s signal, was also multicomponent and it was fitted
with three model curves: the one at binding energy of 530.7 (0.1) eV is
ascribed to the oxygen atoms in TiO,, -OH and oxygen in defective sites
is detected at 531.9 (0.1) [72] and the peak at 532.7 (0.1) eV is assigned
to the carboxylic group of the abietic acid coordinating Ti atoms. This
finding is substantiating the hypothesis of the bidentate coordination
mode of abietic acid (Fig. 4b).

As far as the titanium, the most intense photoelectron signal is the Ti
2p peak (Fig. 4c). It is characterized by the presence of an intense
doublet due to the spin orbit splitting assigned to Ti (IV); a less intense
doublet due to the presence of small amounts of Ti (III). The binding
energy of the Ti 2p3,» components of the two doublets was found to be
459.1 (0.1) eV and 457.2 (0.1) eV for Ti (IV) and Ti (III) respectively, in
agreement with [72].

The quantitative composition in at% of the T-Abi sample determined
by XPS was calculated assuming the homogeneity of the sample and it is
presented in the Table reported in Fig. 4. The results show that titanium
at the surface is only partially coordinated by Abi ligands, since ac-
cording to the hypothesis of the bidentate coordination mode, the stoi-
chiometric ratio between Ti and Opp; should be 1:1, and the expected
ratio between these two signals would be 2.5 considering the nominal
molar composition of the sample (Abi/Ti = 0.2), while the experimental
one is 3.4 (0.2). This difference is due to the contribution of titanium
oxide and hydroxides to Ti 2p signal, that is confirmed also by the
presence of the correspondent signals in O 1s (Fig. 4b).

The hybrid nature and the coordination bonding of the T-Abi was
additionally verified through FTIR spectroscopy. The FTIR spectrum of
hybrid T-Abi (Fig. 4d) shows absorption bands above 3000 em’! (v 0-H)»
near 2900 cm™! (v cH), at 1637 cm™ (5 non) and the vibrations of Ti-O-Ti
bonds below 800 cm™. The comparison between the FTIR spectrum of
the net Abi with that of T-Abi (Fig. S5) shows that the band related to
C=O0 bonds at 1693 cm™! (v ¢—o) is shifted towards low wavenumbers in
the spectrum of the hybrid material, giving the asymmetric and sym-
metric stretching at 1520 em™ (Vas o) and at 1407 em™ (vs c—o) and
proving that the carboxylate groups are involved in coordinative bonds
with Ti** (Fig. $6). The splitting between these bands, A, is equal to
113 cm’), confirming also the bidentate interaction between abietate
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and Ti*t (A value lies in the 50 —150 cm ™ range), in agreement with
XPS results and DFT calculations [78]. The structure of the synthesized
hybrid material is substantially amorphous, as ascertained by its XRD
pattern (data not shown).

DRUV analysis was also performed to explore the optical behavior of
the hybrid material. The DRUV spectrum of T-Abi is characterized by a
broad peak centered at around 250 nm with a shoulder like tail in the
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Fig. 5. DRUV spectra of bare TiO, and T-Abi (a); EPR spectra of T-Abi powder
(b), and of DMPO-OH spin-adduct formed in aqueous medium in the presence
of T-Abi (¢).
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visible region up to 500 nm, compared to a bare TiO5 sample prepared
by an analogous sol-gel procedure without the addition of HAbi
(Fig. 5a). The implementation of Kubelka-Munk function and the Tauc
plot linearization allowed the estimation of the effective band gap en-
ergy value, i.e., the energy gap resulting from the additional absorption
band. It was estimated as shown in Fig. S7 [79], and results to be about
2.5 eV, in fair agreement with the value of 2.3 eV predicted by DFT
(Section 3.2.1). The partial absorption in the visible region and the
observed band gap are further evidence of the formation of a charge
transfer complex of TiO, with the abietic acid ligand.

Moreover, the thermal stability of the hybrid T-Abi was investigated
and the TG-DTA curves of T-Abi collected under N, atmosphere are re-
ported in Fig. S8. The weight loss occurs in two main regions: below
200 °C and between 300 and 400 °C. The former (about 10 wt%), that
takes place progressively from room temperature up to 200 °C, is related
to the evacuation of water, solvent (ethanol) and the alkoxide molecules.
The latter (about 46 wt%), that occurs fast, can be related to the vola-
tilization of the organic ligands, as attested by the presence of two DTA
endothermic peaks at about 319 and 356 °C in the corresponding DTA
curve. This weight loss is close to the nominal mass content of HAbi in
the hybrid material (43%).

The presence of superoxide radical ions on the surface of the hybrid
TiO,, suggested by the XPS data (presence of Ti(IIl) and defective oxy-
gen) and predicted by DFT calculations (Section 3.2), was ascertained by
EPR spectroscopy. Fig. 5b displays the EPR spectrum of the T-Abi xerogel
powder, which was acquired at room temperature in the dark without
any sample pre-treatment. The three-component signal shows the
characteristic line shape and g values of the O3 radical adsorbed on the
surface of titanium oxide [74]. This result unambiguously proves that
T-Abi, simply exposed to air in ambient conditions, generates O3 radi-
cals and maintains them stably adsorbed on its surface. This special
ability was previously shown by TiOy hybrids with p-diketones as
organic ligands [44,45,80]. Here we demonstrate that a carboxylic acid,
such as the abietic acid, coordinated with titanium in the amorphous
oxide matrix, can confer the same capability. This behavior can be
related to the LMCT character of the complex, through the mechanism
elucidated by DFT modeling (see Section 3.2). The EPR spectrum seems
to include a relatively weak overlapped peak with a g value between
2.003 and 2.009, which could be ascribed to a carbon-centered radical
species, likely formed on the organic ligand. Similar signals with varying
intensity have been observed for different cyclic and aromatic molecules
bonded with titanium in hybrid gels [46]. The spontaneous production
of ROS on the surface of the hybrid material without the need for direct
light irradiation encouraged us to test T-Abi in the oxidative degradation
of a model microplastic. In particular, the EPR spin trapping method was
employed to investigate the capability of T-Abi to generate ROS in the
aqueous environment (Fig. 5c¢). The short lifetime of ROS in solution
makes their direct determination by EPR very tough. Therefore, DMPO
spin-trap was used, as it can react with unstable oxygen-centered radi-
cals, forming new longer-living radical adducts observable by EPR. The
appearance of a signal in the EPR spectrum of the supernatant was
observed, showing a characteristic quartet with a 1:2:2:1 intensity ratio,
which corresponds to the DMPO-OH adduct formed from the trapping of
hydroxyl radical, OH®, on DMPO [43,81]. The quantitative analysis of
this spectrum was realized determining the hyperfine coupling constants
for the nitroxide nitrogen and for the f-proton (ay = apy = 14.8
+ 0.1 G), in agreement with those reported in the literature [43,81],
thus confirming the formation of OH® radicals. As previously reported
[82,83], their most probable source is from surface adsorbed O3 that
easily reacts with water forming hydroperoxyl radical (HO3), then Hy05
and finally OH®, which may take part in the degradation of LLDPE.

Furthermore, it should be noted that the formation of Ti-abietate
complexes hinders the auto-oxidation phenomena generally occurring
in the case of resin acids that, according with time and temperature,
transform into more oxidized compounds, like dehydroabietic acid, 15-
hydroxy-7-oxodehydroabietic acid and isopimaric acid [68,69].
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3.4. Degradation of LLDPE in the presence of T-Abi hybrid material

The ability of T-Abi to generate superoxide radicals on its surface and
hydroxyl radicals in water makes it suitable for many different appli-
cations. In this work, T-Abi was tested in the oxidative degradation of
LLDPE plastic samples as described in the Experimental section. Briefly,
LLDPE samples were immersed in an aqueous suspension of T-Abi
(1 mg/mL) and stirred by the aid of a magnetic stirrer until 1 month at
indirect daylight, without any external excitation source. This choice
was adopted both to exploit an oxidative degradation pathway closer to
real environmental conditions, fulfilling the day-night illumination
cycle, and to establish a green and cost effective microplastic decon-
tamination strategy. After incubation, the aqueous suspension of T-Abi
was recovered by centrifugation at 10,000 rpm for 10 min. The super-
natant obtained was filtered (0.45 um), subjected to extraction, and
finally analysed by means of GC-MS. The GC-MS analysis of the degra-
dation by-products obtained from LLDPE incubated for 1 month allowed
us to identify various short-chain compounds, listed in Table S2 and
showed in Fig. 6a, where the total chromatogram of the degradation
products is also reported. The identified compounds can be included in
three classes: alkanes, alcohols and esters (Fig. 6b); moreover, their
absence in the control, obtained by incubating T-Abi for 1 month
without LLDPE, demonstrates that the degradation of LLDPE occurred
effectively.

The degradation by-products detected by GC-MS are recognized as
environmentally friendly low-molecular-weight organic compounds. In
previous works, similar organic compounds were found as intermediates
of microplastics degradation. These latter were demonstrated to be of
low toxicity, even acting as the carbon source for algae growth [84,85].

Considering that T-Abi is an amorphous material with a high content
of organic component, a significant photooxidation contribution can be
excluded (see Fig. S1). Amorphous TiO, is widely reported to have a
very low photocatalytic effect because its disordered structure hinders
the transport of photogenerated electron-hole pairs and its defects act as
potential recombination centers [86,87]. The activity of T-Abi is not
apparently affected by UV irradiation, as confirmed by preliminary
experimental results obtained exposing LLDPE films for 4 days to UVA
(nominal power of 125 W). The comparison between ATR-FTIR spectra
of indirect daylight and UVA exposed LLDPE films indicates that the
extent of degradation is very similar (data not shown), and it is not
affected by exposure to an external radiation source.

3.4.1. Degradation mechanism

Based on the GC-MS results reported above, the following degrada-
tion mechanism of LLDPE might be proposed (Scheme 1).

As shown in Scheme 1, a possible route, occurring in the aqueous
suspension, may involve the homolytic scission of LLDPE polymer in the
presence of an OH® radical, generated in solution by T-Abi, as demon-
strated by the spin-trapping EPR spectrum of DMPO-OH adduct
(Fig. 5¢), forming a generic alkyl radical (Rje). This radical may be
terminated by reaction with another alkyl radical (Rpe), probably
generated by a similar mechanism, to provide an alkane (R3H). Alter-
natively, R;e radical may undergo termination by reaction with an OH®
radical, resulting in the production of an alcohol (R;OH). Due to the
presence of the ROS species in solution, a further oxidation of the
alcohol (R;OH) can occur giving a carboxylic acid (R4COOH). In this
reaction environment, in presence of the T-Abi, the carboxylic acid
(R4COOH) could react with an alcohol (RsOH) to form an ester
(R4COORs) through an esterification reaction, possibly aided by the
acidic character of the TiO, surface.

In the literature, the mechanism generally reported for the photo-
initiated oxidative degradation of LLDPE (or polypropylene) is the
following [88-91]. In the initiation step, the photogenerated hydroxyl
radicals OH® break the C-H bonds on the polymer backbone and
generate polyethylene alkyl radicals (-CHp—CHe-),. During propaga-
tion, an alkyl radical reacts with oxygen to form a peroxyl radical
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Scheme 1. Schematic representation of the possible LLDPE degradation mechanism in the presence of T-Abi.

(-CH2-HCOOe-CHjy-), that extracts a hydrogen atom from another
polymer chain to form hydroperoxide species (-CH,-HCOOH-CHy-);,.
The hydroperoxide, an unstable specie, is further cleaved into two new
free oxy and hydroxyl radicals by the scission of the weak O-O bond. In
conclusion, p-scission and chain transfer of these carbon-centered radi-
cals give rise to the random C-C backbone cleavage and molecular
weight reduction. Accordingly, in the end, the existence of carbonyl
compounds (e.g., aldehydes, carboxylic acids and ketones) usually
confirms the photo-oxidative degradation of long- and short-branched
polyolefins. Some similarities can be found between the above re-
ported mechanism and the radical-mediated reaction pathway envis-
aged to occur in our case, driven by the generated ROS. As a matter of
fact, both of them involve the formation of OH® radicals that are either
photogenerated or produced through the reaction of superoxide ion
radicals with H,O.

3.4.2. Characterization of LLDPE treated with T-Abi

The progressive modification and degradation of LLDPE was assessed
after 4 days, 14 days and 1 month of processing (see Experimental) by
means of XRD, DSC and ATR-FTIR.

Fig. 7a displays XRD diffractograms of bare LLDPE and the one
treated for 1 month. XRD plot of bare LLDPE shows the typical
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2
@
C
2
£
(200)
(020)
(a)
T T T T
15 18 20 23 25 28 30 33 35 38 40
20

reflections (i.e., (110), (200) and (020)) of the orthorhombic crystal
structure, which are responsible for the appearance of three main peaks
at 21.8°,24.1° and 36.5° [92]. It is possible to observe that, in the case of
treated LLDPE sample, these peaks shift to lower 20 angles, due to an
increase of interplanar distances (d) changing from 7.38 A and
4.92-7.52 A and 4.99 A for a and b axes, respectively (Fig. 7a and S9).

Table 1 reports the crystallinity degree (X.) of both bare and treated
LLDPE samples evaluated as described in Section 2, and the mean size of
crystallites (D) determined by Scherrer equation. The increase of both D

Table 1
Values of crystallite sizes, D, crystalline indexes, X. and carbonyl index, C.I., of
LLDPE samples before and after the treatment with T-Abi.

Sample D110 Daoo Do2o X. (%) X. (%) Carbonyl
A) @A) @A X-ray Thermal Index, C.I.
analysis analysis

Bare 156 105 126 34 33 0.040

LLDPE
LLDPE 217 141 171 39 36 0.13

treated 1

month

st i
1 Heating
Exo } bare LLDPE
X0 —— LLDPE treated_1 month
)
=
3
o
lL -
B AHpare LLDPE = 96.6 J/g
£ Cpare LLOPE = 33%
AH| | DPE treated_1 month = ‘10:1'9 Jig
CLLDPE treated_1 month = 36%
T T T
75 88 100 113 125 138 150 163 175

Temperature (°C)

Fig. 7. a) XRD spectra of bare LLDPE and LLDPE treated with T-Abi for 1 month and b) Thermograms for bare LLDPE and LLDPE treated with T-Abi for 1 month

(first heating).
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and X, values sheds some light on the degradation mechanism of LLDPE.
T-Abi is responsible for the oxidative degradation of LLDPE, which re-
sults in a secondary crystallization phenomenon and in an increase of
the crystal size. More in detail, the action of T-Abi makes the polymer
chains, in the amorphous region, more mobile and free to further crys-
tallize [93].

To additionally confirm that the degradation mechanism of LLDPE
occurs through an increase of its crystallinity degree, DSC measurements
were performed on pristine and treated LLDPE samples and the resulting
thermograms are shown in Fig. 7b. The enthalpic crystallinity index was
estimated for bare and treated LLDPE, together with their melting
temperatures (Ty,), following the procedure reported in Section 2. As
shown in Fig. 7b, the oxidative degradation of LLDPE causes the increase
of the enthalpic crystallinity grade, which changes from 33 % to 36 % in
agreement with XRD analysis (Table 1) [94]. The degradation of LLDPE
exerted by T-Abi leads to an increase of the crystallinity degree as well as
of the concentration of chemical impurities (i.e., by-products with low
molecular weight derived from the degradation process) [30,95], as
proved by the slight decrease of the melting temperature from 127.6 °C
to 125.6 °C for bare and treated LLDPE, respectively.

To monitor the chemical changes on the film surfaces induced by the
treatment in the presence of T-Abi, ATR-FTIR spectra of LLDPE samples
were recorded, as shown in Fig. S10. Bare LLDPE samples exhibit the
following characteristic IR bands: at 3038-2775 em! c.H), at
1480-1420 cm™ (8 o) and (8 cus), and at 740-700 cm™? (p cuo) [96].
These typical peaks can still be found in the ATR-FTIR spectra of LLDPE
treated with T-Abi and sampled at the different times. In this case,
ATR-FTIR analysis demonstrated the appearance of new significant IR
bands during the treatment, already after 4 days. Indeed, i) a broad band
in the range 3600-3200 em™ (v op), ascribable to the presence of
hydrogen-bonded products, such as hydroperoxides or alcohols; i) a
small band in the range 1700-1500 em’! (U g—o), the intensity of which
increases slightly over the time [30] and iii) two peaks, the first in the
range (1237 em-1210 em™) and the second at 1150 cm™. The
appearance of the band related to carbonyl group was widely associated
in literature [97,98] to the surface oxidation extent of microplastics, and
the related carbonyl index (CI) was evaluated and displayed in Table 1.
It should be noted that, recently, the CI index was adopted as a method
to estimate the degradation efficiency of LDPE films [62]. Even if it is not
easy to compare our results with the ones obtained under UV exposure,
the observed CI increase appears significant considering that it was
obtained in absence of any direct illumination source. The highest IR
bands appearing during the degradation of LLDPE films, occurred in the
range (1237-1150) cm’}, assigned to polytetrafluoroethylene (PTFE)
[99] highlight that the exploited oxidative mechanism may also slightly
alter the backbone of materials like PTFE, generally recognized as
chemically resistant and inert. Based on that, it seems that the treatment
of LLDPE samples with T-Abi may induce an exfoliation of PTFE from the
virgin magnetic stir bar used during the experiments, as already
observed in a recent study [100].

4. Conclusions

Following a waste-to-wealth approach, a new hybrid gel-derived
material was synthesized using a rosin bio-waste, mainly composed of
abietic acid. A simple, green and sustainable sol-gel synthesis procedure
enabled the utilization of rosin without any costly and time-consuming
chemical transformations. In the resulting TiOs-abietate material, the
bio-waste compound acts as ligand to Ti*" ions forming a ligand-to-
metal charge transfer complex, as predicted by DFT calculations and
then assessed by XPS, FTIR and DRUV analyses. This complex plays a
key role in the spontaneous generation of superoxide radical ions on the
hybrid surface, without requiring any energy source. These radicals
remain stable at indirect daylight and room temperature, as ascertained
by EPR spectroscopy, which makes this material a powerful green tool
for oxidative degradation processes. Its effectiveness in the degradation
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of LLDPE microplastics under indoor light was assessed in aqueous
suspension, observing impressive results within one month. Degradation
by-products, namely alkanes, alcohols and esters, were identified in
solution by GC-MS. Physicochemical analyses of treated LLDPE films
also confirmed its degradation, indicated by an increase of carbonyl
index and crystallinity. The chemical characterization elucidates that
LLDPE undergoes a secondary crystallization mechanism and a partial
surface oxidation, including the break of polymer chains. The observed
modifications, induced by the presence of the hybrid material without
direct external energy inputs, allowed to propose an exemplificative
degradation mechanism that differs from that reported in the literature
for the photoinitiated oxidative degradation. Overall, our study shows a
viable way to face the global problem caused by the new ubiquitous
pollutant represented by microplastics. In the future, this type of lab-
scale process could be optimized to be employed in chemical recycling
strategies, fostering the development of a circular approach in the field
of waste management.

Environmental implication

Herein we propose an innovative strategy to face the current issue of
microplastics. Microplastics are a potentially hazardous material as they
can enter the food chain and act as carriers of toxic contaminants, due to
their small size and large surface area. The model microplastic investi-
gated is LLDPE, widely used in the packaging field and then discharged
in the environment. A hybrid TiO5 synthesized using a waste natural
resin as component without any chemical modification induced the
oxidative degradation of LLDPE under indirect daylight, as indicated by
the by-products formed and the increase of carbonyl index and
crystallinity.
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