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Abstract

Fiber-based microplastics (FMPs) are highly persistent and ubiquitously exist in the wastewater of textile industry and urban
sewage. It remains challenging to completely remove such newly emerged organic pollutants by the predominant physical
techniques. In this work, we investigated a photocatalytic degradation catalyzed by TiO, catalyst to demonstrate the feasibility
of implementing efficient chemical protocol to fast degrading polyethylene terephthalate (PET)-FMPs (a major FMP type
existing in environment). The result shows that a hydrothermal pretreatment (180 °C/12 h) is necessary to induce the initial
rough appearance and molecular weight reduction. With the comprehensive action of the nano-flower shaped N doped-TiO,
catalyst (Pt@N-TiO,-1.5%) on the relatively low molecular weight intermediates, an approximate 29% weight loss was
induced on the pretreated PET-FMPs, which is about 8 times superior to the untreated sample. This work not only achieves
a superior degradation effect of PET-FMPs, but also provides a new inspiration for the proposal of reduction strategies in
the field of environmental remediation in the future.

Keywords Microplastics - Fiber-based microplastics - Polyethylene terephthalate - Photocatalytic degradation -
Hydrothermal pretreatment

Introduction

With the continuous growth of global population and
improvement of the living standards of human beings, the
demand for textile products has increased sharply during the
past decades [1, 2]. In 2014, the global production of fibers
was 90.8 million tons (Mt), and this number is expected to
increase to 130 Mt by 2025 [3]. The mass production and
consumption of fiber or textiles are indispensable for the
modern society, which not only satisfy the basic physical
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needs of humans to preserve warmth, but also meet the needs
of fashion requirement and high-tech applications. Neverthe-
less, as a typical kind of synthetic polymer, synthetic fibers
and textile products have also imposed increasingly serious
environmental problems [4]. Besides the consumption of a
huge amount of petrochemical energy, the waste of synthetic
fiber and textile products are particularly difficult to recycle
and biodegrade, as compared to other types of synthetic pol-
ymers (such as plastic films, injection-molded parts, etcs.),
leading to severe waste treatment pressure to the municipal
management system [5]. Currently, the majority (>90%) of
the textile waste is incinerated or landfilled, and the related
environmental impacts of emitting greenhouse gases, soil
and groundwater pollution is immeasurable, which is defi-
nitely a most cumbersome issue for our modern society [6].

Microplastics (MPs), which are defined as plastic particle
with diameters less than 5 mm [7, 8], are a type of emerged
organic pollutants realized by the scientific community in
recent years. The wide presence of MPs on the earth is cer-
tainly an unexpected but highly threatening issue related to
the fast development of plastic industry and improper regula-
tion of the plastic products and/or the wastes. As one kind of
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MPs, fiber-based microplastics (FMPs) are different from the
common perception that the typical MPs are formed evolved
from the two or three-dimensional plastics films, foams or
blocks, FMPs are typically featured by their one-dimensional
shapes. Depending on the fiber applications, the diameters
of FMPs can vary from nanometer to millimeter scale [6].
The formation of FMPs is closely related to the wearing and
daily laundry of all kinds of textile products, they thus have
been identified as an emerging kind of organic pollutant in
the wastewater of textile industry or municipal wastewater
[9-11]. FMPs are known to easily adsorb pollutants from
the environment due to their high specific surface area than
the large pieces of plastics, and the pollution scope can be
significantly expanded as their migration in the environment
[12—15]. Given their ubiquitous existence in the air, land
and aquatic bodies, it is basically impossible to completely
recover/collect them from the environment, or to in-situ
renovate the polluted environmental medium [16—18]. The
more realistic and straightforward protocol has to be that the
discharge of these persistent organic pollutants into the envi-
ronment can be efficiently prevented, by either physically
adsorbing/blocking methods, or by chemical methods to
degrade them into more valuable or harmless end-products.

There have been a few interesting works attempting to
eliminate FMPs by physical or chemical strategies. Franc-
esca et al. firstly modified pectin with glycidyl methacrylate,
and then grafted them on polyamide fibers as a protective
layer preventing the fibers to be abraded during the wash-
ing process. The results showed that the release of FMPs
was reduced by about 90% compared with the original [19].
Although the release of FMPs had been greatly reduced,
the process of preparing the composite fiber was compli-
cated and the coating of a protective layer would affect the
usability of polyamide fibers. Recently, Villa et al. reported
a perovskite-like Bi, WO microrobot, which autonomously
attached to the small piece of commercial wet wipes for
personal cleansing and degraded them by generating active
species under 50 h of sun-like irradiation [20]. This research
proved that the active species with strong oxidation behavior,
produced by photocatalytic technology can have a certain
degradation effect on FMPs. But the degradation effect of
this system is limited by only showing certain morphologi-
cal and structural changes of textiles. It is therefore of vital
significance to develop an efficient photocatalytic degrada-
tion technology to remove FMPs.

Titanium dioxide (TiO,) is recognized as one of the most
promising photocatalyst owning to its versatile properties,
such as low-toxicity, excellent stability and relatively low
cost [21-23]. By generating active species with strong
oxidation behavior, such as hydroxyl radical ("OH, where
“*” is the active site), superoxide radical (*02‘) and sin-
glet oxygen ('0,), small organic contaminants can be effec-
tively degraded or even mineralized [21]. For example,

Chen et al. synthesized an Ag/TiO, photocatalyst via elec-
trospinning , by which methylene blue was degrade by
70% within 90 min [24]. Li et al. loaded the TiO,-modified
Bi,Ti,0; heterojunction on the surface of reduced graphene
oxide to obtain a ternary photocatalytic composite mate-
rial. The degradation efficiency of ciprofloxacin was 95%
within 180 min [25]. It is not difficult to find that TiO, could
destroy chemical structures and bonds such as benzene ring,
C-C, and C-0 by virtue of the strong oxidation behavior of
active species. Although FMPs are polymer material with
high molecular weight and high crystallinity, their struc-
ture still contains a large amount of C—C, C-O and other
types of chemical structures and bonds. As a result, it can
be inferred that it is feasible to use TiO, to degrade FMPs.
However, their photocatalytic reaction rate is limited by the
rapid recombination of photoexcited charge carriers [23, 26].
The introduction of noble metal such as aurum, silver and
platinum (Pt) on the surface of TiO, can greatly inhibit the
intention of recombination by forming a Schottky barrier
[27-29]. However, another challenge that the noble metal
element as the active site is easy to fall off during the photo-
catalytic reaction, which can make the catalytic activity of
the photocatalyst decreased. Therefore, the superb catalytic
performance and excellent stability are necessary for pho-
tocatalysts. Apart from the three common crystal phases of
TiO,, namely anatase, rutile and brookite, srilankite phase is
known to be a transitional phase between anatase and rutile
under the high pressure [30]. Due to its disordered or even
amorphous structural characteristics, there are more photo-
generated carrier recombination centers, which can reduce
the photocatalytic activity of srilankite TiO, [31, 32]. But
from our point of view, the existence of surface defects of
uncommon srilankite TiO, may help anchor precious metals,
thereby avoiding the decrease of photocatalytic efficiency.
In pioneering studies, N-doped TiO, was firstly prepared
by solvothermal, and then Pt nanoparticles were loaded
on the surface through the photo-deposition method. The
effect of the loading of Pt nanoparticles on the photocata-
lytic performance and the effect of the srilankite phase on
the stability of the photocatalyst were firstly analyzed in
detail by degrading various contaminants, including methyl
orange (MO), sodium dodecylbenzene sulfonate (SDBS),
polyvinyl alcohol (PVA), dinotefuran (DTF) and tetracy-
cline (TC). More importantly, the evaluation of the photo-
catalytic degradation performance of the catalytic system
and identification of the active species had been completed
through the above experiment. Subsequently, polyethylene
terephthalate (PET) was selected as the target pollutant due
to its high yield and wide range of application [33]. The
weight loss was adopted to describe the degradation effect
of PET-FMPs, instead of just focusing on the slight changes
in its morphology and structure. Comprehensive investiga-
tions into the surface morphology, weight-average molecular
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weight and crystallinity of PET-FMPs that were pretreated in
different hydrothermal temperature and time, the key factors
that affect the degradation effect were clarified. Finally, the
photocatalytic degradation mechanism of PET-FMPs was
deeply summarized. This work explores the feasibility in
photocatalytic degradation of FMPs and achieves the excel-
lent degradation performance. The outcome of this research
can provide a new inspiration for the proposal of green and
promising reduction strategies of FMPs and even MPs in
the future.

Experimental Section
Chemicals

Isopropanol (IPA), N, N-dimethylformamide (DMF),
tetrabutyl titanate (TBT), p-benzoquinone (PBQ), ethanol,
polyvinyl alcohol (PVA, molecular weight ~27,000) and
anhydrous sodium sulfate (Na,SO,) were purchased from
Sinopharm Chemical Reagent Co., Ltd. L-histidine, ammo-
nium oxalate monohydrate (AO), methyl orange (MO),
sodium dodecylbenzene sulfonate (SDBS), dinotefuran
(DTF), tetracycline (TC), commercial TiO, (P25), pure
anatase phase TiO, (A-TiO,), 1-naphthol and chloroplatinic
acid hexahydrate (H,PtCl;e6H,0) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. PET
fibers were obtained by Ningbo Dafa Chemical Fiber Co.,
Ltd. FTO glasses (20 x 10 mm resistance: 14 Ohm) were
purchased from Luoyang Guluo Glass Co., Ltd.

Synthesis of N-TiO,

N-doped TiO, was synthesized with some modifications
according to the synthetic protocol step supplied in the refer-
ence [34]. Briefly, 30 mL IPA was mixed with 10 mL DMF
for 10 min, and then 1 mL TBT was added to the mixture.
The mixture was stirred for another 10 min and subsequently
transferred into a 60-mL Teflon-lined stainless-steel auto-
clave and kept in an electric oven at 200 °C for 24 h. The
product was collected by centrifugation after being cooled to
room temperature, washed again with ethanol for 3-5 times
and dried overnight. Finally, the as-prepared product was
placed in the muffle furnace, and calcined in air at 450 °C
for 2 h at a heating rate of 5 °C/min to obtain the N-doped
TiO, (N-TiO,).

Synthesis of Pt@N-TiO,-x
N-doped TiO, nanoflowers decorated with Pt nanopar-

ticles (Pt@N-TiO,-x, x means the varied Pt loadings)
were prepared through the photo-deposition method.

@ Springer

100 mg N-doped TiO, was dispersed in 80 mL of deionized
water containing a certain amount of H,PtCl;e6H,0 solu-
tion (4 g/L) under magnetic stirring for 1 h. Afterwards, the
dispersion was irradiated under 300 W Xenon lamp with
a light filter of 420 nm. The sample was collected by cen-
trifugation, washed with deionized water and ethanol for
3-5 times respectively, and dried at 60 °C to obtain the final
product. The amount of Pt loading in the N-doped TiO,
matrix was adjusted by changing the volume of the added
H,PtClse6H,0 solution.

Synthesis of Pt@P25

N-TiO, was replaced by P25 as the matrix supported by Pt
nanoparticles and the remaining operation steps and rea-
gent dosage were consistent with the Pt@N-TiO,-x synthesis
method to obtain the Pt@P25 as a comparison.

Synthesis of Pt@A-TiO,

Using A-TiO, instead of N-TiO, as the substrate for Pt nano-
particles, the operation steps and the amount of reagents
were consistent with the Pt@N-TiO,-x synthesis method,
and Pt@A-TiO, was obtained as a comparison.

Characterization

X-ray diffractometer (XRD) was analyzed with Bruker
D2 Phaser. Scanning electron microscope (SEM) was per-
formed by TESCAN/MAIA3, Czech. Transmission electron
microscopy (TEM) images and elemental mapping analysis
were collected by using Talos F200S. X ray photoelectron
spectroscopy (XPS) and valence-band spectra was carried
out on the Thermo ESCLAB 250Xi. Electron paramagnetic
resonance (EPR) analysis were conducted at room tempera-
ture using the A300-10/12. 5,5-dimethyl-1-pyrrolidine-N-
oxide (DMPO) and 4-0x0-2,2,6,6-tetra methylpiperidine
(TEMPO) was adopted as the spin-trapping agent to con-
duct an ESR analysis. Nitrogen adsorption—desorption iso-
therms were analyzed on Quantachrome instruments. The
BET (Brunauer—Emmett-Teller) was employed to calculate
the specific surface area. The Barrett—Joyner—Halenda (BJH)
was utilized to estimate pore size distributions according
to the adsorption isotherm. The diffuse reflectance spec-
troscopy (DRS) performed on a UV-vis spectrophotometer
(UV-3600 (Japan SHIMADZU)) in the range of 350-700 nm
with fine BaSO, powders as reference. The photolumines-
cence (PL) spectrum was obtained via FLS1000/FS5 Edin-
burgh instruments. The photocurrent-time (I-t) and elec-
trochemical impedance spectroscopy (EIS) were measured
by the electrochemical workstation (CHI-660E). The total
organic carbon (TOC) was analyzed by a TOC measuring
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instrument on Muti N/C 2100. Some important interme-
diates in degradation reaction were tested on a gas chro-
matography- Mass spectrometry GC-MS (QP2010Ultra).
Gel permeation chromatography (GPC) was determined
on a GPC-50 (polymer Laborato). Differential scanning
calorimetry (DSC) were recorded from 30 to 280 °C on a
DSC 214 (NETZSCH). Inductive Coupled Plasma Emission
Spectrometer (ICP) was conducted on Prodigy-ICP. Fourier
Transform Infrared Spectrometer- Attenuated Total Reflec-
tion (FTIR- ATR) was performed on */NEXUS-670 in the
range of 6504000 cm™'.

Photocatalytic degradation tests
Photocatalytic degradation tests of various contaminants

The photocatalytic activity of the catalysts was evaluated
by degrading various contaminants, including MO, SDBS,
PVA, DTF and TC. A 300 W Xe lamp equipped with AM
1.5 filter was employed as the light source, and the irra-
diation intensity was regulated as 100 mW/cm?. A typi-
cal degradation experiment was illustrated by using MO:
20 mg of the photocatalyst was dispersed in 100 mL MO
solution (10 mg/L), under ultrasonic treatment. To elimi-
nate the influence of physical adsorption, the suspension was
stirred for 10 min in the dark to achieve adsorption—desorp-
tion equilibrium. Then, the suspension was irradiated under
intense agitation, took 6 mL solution once per 5 min, and
filtered through 0.22 pm Millipore filters in order to get rid
of the catalysts. The resulting solution was analyzed by UV
spectrophotometer at 465 nm, which is the wavelength of the
UV absorption of MO. According to Lambert—Beer law, the
photocatalytic degradation efficiency of MO was calculated
as follows:

Photocatalytic degradation efficiency = £100% (1)

0

where C; (mg/L) and C, (mg/L) represent the initial MO
concentration and instantaneous MO concentration after a
certain irradiation time (t), respectively.

TOC analysis was used to determine the change of the
content of total organic carbon in the system before and after
degradation. Similarly, the taken solution of all contami-
nants, including MO, SDBS, PVA, DTF and TC was ana-
lyzed by TOC, the TOC removal efficiency was calculated
as follows:

TOC, - TOC34 min

TOC removal efficiency = TOC
0

x100%  (2)

where TOC, (mg/L) and TOC; ,,;, (mg/L) represent the
initial TOC content of the pollutant and instantaneous TOC
content of the pollutant after the irradiation time of 30 min,
respectively.

In order to verify the cycle stability of the photocatalyst, the
recovered photocatalyst was washed with deionized water and
ethanol for 3—5 times to remove the degradation residuals and
then the adsorption and photocatalytic degradation tests were
repeated as above indicated.

Photocatalytic Degradation Tests of PET-FMPs

PET-based FMPs (PET-FMPs) were obtained by directly cut-
ting PET fibers (diameter ~25 pm) into lengths smaller than
5 mm. The same type of light source was used in this case with
comparable irradiation intensity as for the degradation of vari-
ous contaminants, while a few modifications have been made
in some operation steps. Specifically, 20 mg of the photocata-
lyst was dispersed in a suspension of PET-FMPs (100 mg/L)
by assisting with ultrasound. Subsequently, the suspension was
stirred in the dark for 10 min to reach adsorption equilibrium,
which was exposed under the intense irradiation for 48 h. After
experiments, a solid mixture of photocatalyst and PET-FMPs
was collected by suction with 0.10 pm filter membrane and
cleaned for 3—5 times by deionized water, and then dried at
60 °C for 24 h. The filtrate was analyzed by GC-MS to deter-
mine the composition of liquid product. The weight loss of the
PET-FMPs was calculated as follows:

M, -M
%XIOO% 3)
0

Weight loss =

where M, (mg) and M,g ;, (mg) represent the initial total
mass of the filter membrane, photocatalysts and PET-FMPs
before and after irradiation for 48 h. All the degradation test
of PET-FMPs was repeated for three times and the mean
values and standard deviation of weight loss are presented.

Photoelectrochemical Property Test
of Photocatalysts

Characterization of the photoelectrochemical properties of
photocatalysts were conducted by using CHI-660E electro-
chemical station. In a three-electrode quartz cell, the electro-
lyte solution was 0.5 M Na,SO,, Ag/AgCl and a Pt wire were
applied as the reference electrode and the counter electrode,
respectively, and N-TiO, and Pt@N-TiO,-1.5% were used as
the photoanodes. The photoanode was prepared by a simple
physical coating process. S mg of photocatalyst was ultrasoni-
cally dispersed in the mixture of 20 pL. 1-naphthol and 500 pL
ethanol, which was evenly coated on the FTO glass, and then
dried at 60 °C for 24 h.
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Solvothermal

Calcine

IPA + DMF + TBT N-TiO,

Fig. 1 Schematic diagram of the synthesis procedure of Pt@N-TiO,

Fig.2 a SEM image, b HRTEM image and ¢ EDS elemental map-
pings of Pt@N-Ti0,-1.5%

Results and Discussion

Morphology and Structure Analysis
of Photocatalysts

The synthetic process of the photocatalysts was elucidated
in Fig. 1. In brief, the matrix of N-TiO, was firstly pre-
pared by solvothermal, and then Pt nanoparticles were dec-
orated on its surface through a photo-deposition method.

As shown in SEM and TEM images (Supporting Infor-
mation, Fig. S1, Fig. 2a), N-TiO, and Pt@N-TiO,-1.5%
had a unique nanoflower structure, which was expected
to be beneficial to facilitate the reflection of light among
the surface nanosheets, thereby enhancing the sunlight
absorption capacity and improving the photocatalytic per-
formance [34]. Their particles were uniform and the size
was about 500 nm. The HRTEM image shows that a lattice
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Fig.3 a XRD patterns of N-TiO, and Pt@N-TiO,-x. b XPS survey
spectra and ¢ EPR spectra of Pt@N-TiO,-1.5%. d Nitrogen adsorp-
tion—desorption isotherm curve of N-TiO, and Pt@N-TiO,-1.5%

spacing of 0.352 nm and 0.284 nm corresponding to the
(101) and (111) planes, which were indexed as the antase
(A)-TiO, and srilankite (S)-TiO,, respectively (Fig. 2b).
It indicated that the N-TiO, was a mixture of anatase and
srilankite. The Pt nanoparticles are perfectly crystallized
with a lattice spacing of 0.226 nm corresponding to the
(111) planes of crystalline Pt (particle size ~5 nm). EDS
elemental mappings were employed to identify the compo-
sition of elements in the composite. As shown in Fig. 2c, it
was clearly observed that Ti, O, N, and Pt were uniformly
distributed on the entire structure. These results demon-
strated that Pt nanoparticles were successfully united in
wedlock on the nanoflowers.

The crystalline structure of N-TiO, and Pt@N-TiO,-x was
analyzed by XRD. As shown in Fig. 3a, the crystalline struc-
ture of TiO, remained unchanged after deposition of Pt nan-
oparticles. No Pt peaks were observed in XRD due to their
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extremely small size and low dosage [35, 36]. Moreover, it
could further demonstrate that the N-TiO, was composed of
anatase and srilankite. XPS survey spectra was employed to
reveal the surface chemical state of the Pt@N-Ti0,-1.5%.
Figure 3b showed the full spectra of Pt@N-Ti0,-1.5%, there
were only O 1s, Ti 2p and C 1s speaks were observed owing
to the low content of Pt and N. C 1s peak was ascribed to the
adsorption of carbon dioxide (CO,) from the environment
during sample preparation [28]. Pt 4f, N 1s, Ti 2p and O
1s peaks could be clearly presented in their high-resolution
spectra (Supporting Information, Fig. S2 and S3). The peak
located at 400.1 eV was indexed to the Ti—O-N [37]. The
binding energy of 458.0 eV and 463.7 eV were assigned
to Ti 2ps,, and Ti 2p,,, respectively. The chemical shift of
5.7 eV proved that the chemical state of Ti was Ti** [38].
In addition, the g value of 2.003 was observed in the EPR
spectra of N-TiO, and Pt@N-Ti0,-1.5%, which was ascribed
to the Zeeman effect of single electron [39—41], demonstrat-
ing the formation of oxygen vacancies (Fig. 3c) and the
deposition of Pt nanoparticles did not affect their existence
(Supporting Information, Figure S4) [42]. Notably, the pho-
tocatalytic performance might be improved with the help
of oxygen vacancies, because they could temporarily trap
electrons to prolong the lifetime of carriers [43]. By examin-
ing the nitrogen adsorption—desorption isotherms, the cor-
responding pore structure information of N-TiO, and Pt@N-
Ti0,-1.5% (Fig. 3d and Supporting Information, Table S1)
were obtained. Both curves displayed a typical IV isotherms
with H3 typical hysteresis loop, indicating that these two
photocatalysts have the mesoporous structure, which was
beneficial for the diffusion of reactants and products [44].
There was an obvious deviation between the values of their
surface area, average pore size and pore volume, further
demonstrating the efficient loading of Pt nanoparticles.
UV-vis DRS spectra was utilized to analyze the optical
absorption properties of the N-TiO, and Pt@N-TiO,-1.5%.
As revealed in Fig. 4a, a slight red-shifted of adsorption edge
toward visible region was found in the Pt@N-TiO,-1.5%. It
implied that the deposition of Pt nanoparticle leaded to an
increase of light absorption in the visible light region, which

a b
18 ——~-Tio, o ST—NTiO,
o 1S —— Pt@N-TiO;1.5 %| =~ , | —— Pt@N-TiO; 1.5 %
8 .
§ 1.2 E :
209 o
2 a
2 0.6 w2
< 2 g
03 = " E,=2.98 eV
e f E,=3.05 eV
0.0 T B
300 400 500 600 700 800 20 25 30 35 40 45 50
Wavelength (nm) Energy (eV)

Fig.4 a UV-vis DRS spectra, and b the corresponding plots of
(ohv)? versus hv of N-TiO, and Pt@N-TiO,-1.5%

was conductive to enhancing the practical application poten-
tial of photocatalyst. Additionally, the bandgap of the photo-
catalyst could be calculated according to the Kubelka—Munk
function equation: (ahv)?= K(hv-E,) for the direct bandgap
(where “o”’is the absorption index, hv” is the light energy,
“K” is a constant value and “E,” is the bandgap energy) [45].
The corresponding function transformed differential spectra
was shown in Fig. 4b. By extrapolating the linear region of
the square root of absorbance versus energy, the bandgap
energy of Pt@N-TiO,-1.5% was estimated to be 2.98 eV,
which was less than that of N-TiO, (3.05 eV).

Photocatalytic Degradation of the Various Chemical
Additives and Contaminants

As observed from Fig. 5a, the photocatalytic degradation
efficiency of MO for Pt@N-Ti0,-1.5% was remarkably high
of 95.88% within 30 min, achieving almost complete deg-
radation and its performance was much higher than that of
N-TiO,. On the other hand, the linear relation of -In (C/C)
for N-TiO, and Pt@N-TiO,-1.5% could be acquired and the
linear trend demonstrated that the photocatalytic degrada-
tion process of MO was fitted well with pseudo-first-order
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Fig.5 a Photocatalytic degradation efficiency of MO and the cor-
responding variations in -In (C/C) of N-TiO, and Pt@N-TiO,-1.5%
under AM 1.5 irradiation. b PL spectra of N-TiO, and Pt@N-
TiO,-1.5%. ¢ Photocatalytic degradation efficiency of MO and d the
corresponding variations in -In (C/C) of N-TiO, with different load-
ing amounts of Pt nanoparticles under AM 1.5 irradiation. e I-t and f
EIS curves of N-TiO, and Pt@N-TiO,-1.5%

@ Springer



1100

Advanced Fiber Materials (2022) 4:1094-1107

kinetics. Furthermore, the Pt@N-TiO,-1.5% had the
highest degradation rate constant (k=0.11466 min~'),
which was about 25 times higher than that of N-TiO,
(k=0.00449 min~"). We speculated that such a superior pho-
tocatalytic activity of Pt@N-Ti0,-1.5% was attributed to the
better photo-generated electron—hole pairs separation effi-
ciency due to the formation of a Schottky barrier at the inter-
face between the Pt nanoparticles and the matrix of N-TiO,.
Therefore, we further analyzed the photogenerated carrier
separation efficiency of the photocatalysts by PL spectra. As
shown in Fig. 5b, the PL intensity of Pt@N-Ti0,-1.5% was
lower than that of N-TiO,, demonstrating the fast separa-
tion of the photogenerated carrier with the presence of Pt
nanoparticles. The photocatalytic degradation efficiency of
MO for Pt@N-TiO,-x with different loading amounts of Pt
nanoparticles was conducted. As shown in Fig. 5c, d, with
the increase of Pt nanoparticles, the photocatalytic degrada-
tion efficiency and k increased firstly and then decreased,
and the highest photocatalytic degradation performance
was achieved with the loading amount of Pt nanoparticles
of 1.5%. It indicated that the appropriate amount of Pt nano-
particles on the surface of N-TiO, could play an important
role in inhibiting the recombination of carriers by build-
ing a Schottky barrier at the material interface. However, Pt
nanoparticles tended to aggregate when overloaded, which
might reduce the number of effective active sites, resulting in
a decrease in photocatalytic performance [46]. I-t curves of
N-TiO, and Pt@N-Ti0,-1.5% were recorded by the intermit-
tent irradiation for several switching cycles under AM 1.5
irradiation. As observed from Fig. Se, the Pt@N-TiO,-1.5%
obtained a higher photocurrent density, which demonstrated
that the photoresponse performance of N-TiO, was improved
after Pt nanoparticles loading. In addition, as exhibited in
Fig. 51, the EIS Nyquist diagrams were used to characterize
the capacity of charge transfer between the electrode inter-
faces. Obviously, the arc radius of Pt@N-Ti0,-1.5% in the
EIS Nyquist plot was smaller than that of N-TiO,, implying
that Pt@N-Ti0,-1.5% had better conductivity.

As presented in Fig. S5a (Supporting Information), the
photocatalytic degradation efficiency of MO nearly kept con-
stant after 5 cycles of consecutive photocatalytic reaction.
Based on a further XRD analysis, no significant change was
noticed for the fresh and used Pt@N-TiO,-1.5%, revealing
its stable crystalline structure (Supporting Information, Fig-
ure S5b). As a comparison, the photocatalytic degradation
efficiency of MO for Pt@A-TiO,-1.5% and Pt@P25-1.5%
decreased obviously after only 3 cycles of degradation reac-
tion (Supporting Information, Fig. S5c). TOC (total organic
carbon) removal efficiency of MO was as high as 56.85%
within 30 min, suggesting that the photocatalyst not only
had outstanding photocatalytic degradation performance,
but also its mineralization capacity was also remarkable.
Except MO, several other common contaminants had also
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been investigated under the same experimental conditions,
including SDBS PVA, DTF and TC. TOC removal efficiency
of all these contaminants were in a range of 40-50% within
30 min (Supporting Information, Fig. S5d). The above result
suggested that Pt@N-Ti0O,-1.5% had an outstanding catalytic
stability, which was mainly due to the existence of srilankite
phase. It could effectively inhibit the loss of active sites rely-
ing on its surface defects to firmly anchor Pt nanoparticles
during the multiple cycles.

There are two ways to effectively identify the active species,
for exploring the degradation mechanism; Direct method is
based on using ESR technology in combination with trapping
agent to capture active species, and indirect method utilizes the
quenching agents to inhibit the catalytic activity of the active
species, and the existence of active species can be confirmed
when the degradation efficiency is reduced. In this work, ESR
analysis was firstly employed to determine the active species
produced by Pt@N-TiO,-1.5% under light and dark conditions.
In Fig. 6a—c, the characteristic signals of the DMPO-the super-
oxide radical (*02_), TEMPO-the singlet oxygen (102) and
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Fig.6 ESR signals of (a) DMPO-"0,~, (b) TEMPO-'0,, and (c)
TEMPO-h* of Pt@N-TiO,-1.5% in the dark and under AM 1.5 irra-
diation. d Photocatalytic degradation efficiency of MO and (e) the
corresponding variations in -In (C/Cy) of Pt@N-TiO,-1.5% in the
presence of different scavengers under AM 1.5 irradiation. f Degrada-
tion mechanism of contaminants of Pt@N-TiO,-1.5% under AM 1.5
irradiation
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TEMPO-the photon-generated hole (h*) were detected. Addi-
tionally, a series of quenching experiments were performed
by using p-benzoquinone (PBQ), L-Histidine and ammonium
oxalate monohydrate (AO) as the scavenger for ‘O, !0, and
h*, respectively. As shown in Fig. 6d—e, the photocatalytic
degradation efficiency and k significantly reduced when the
scavenger was added to the reaction. Based on the above
experimental results, it could be determined that *02_, 102 and
h* as the main active species participated in the degradation of
contaminants during the photocatalytic reaction.

According to the XPS spectra of Pt@N-Ti0,-1.5%, the
maximum valence-band of this catalyst was 2.56 eV (Support-
ing Information, Fig. S6). The corresponding band structure
was established by simultaneously considering the bandgap
energy (2.98 eV), and the photocatalytic degradation mecha-
nism was proposed in Fig. 6f. Specifically, the conduction-
band edge potential of Pt@N-TiO,-1.5% was more negative
than that of O,/"0,~ pair (= 0.33 eV vs NHE, where “eV”
is the unit of voltage, and “NHE” is the normal hydrogen
electrode) [47], and its valence-band edge potential was more
positive than the potential of “O,7/'0, pair (0.34 eV vs NHE)
[22]. Consequently, the outstanding photocatalytic degrada-
tion ability of the reaction system mainly depended on the
combined action of the three active species ('O, 'O, and h™).
Firstly, the optical energy was absorbed by the photocatalyst
so that electrons (e7) in the valence band (VB) were excited
to the conduction band (CB), then h* were created in the VB
under the irradiation (Eq. 4). Since h* had a certain oxidation
capacity, it could directly adsorb and degrade contaminants.
In addition, e~ reacted with oxygen in the system to form
“0,” (Eq. 6), which were further partially oxidized to form
'0, (Eq. 8). Contaminants were gradually degraded and finally
mineralized into CO, and water (H,0O) under the continuous
attack of the three active species (Eq. 5, 7, 9). Both the radical
pathway and non-radical pathway contributed to the effective
decomposition of contaminants.

Photocatalyst + hv — h* + e~ 4)
h* + contaminants — oxidation products - CO,+H,0 (5)
e”+0,-05" (6)

O™ + contaminants — oxidation products - CO, + H,0

)
0, ='0, ®)
10, + contaminants — oxidation products — CO, + H,0

®

Photocatalytic Degradation of PET-FMPs

Evaluation of the photocatalytic performance of the catalytic
system and the identification of the active species has been
so far implemented by applying them for various contami-
nants. Since PET is currently the largest and most widely
used synthetic fiber in the world [48], we chose PET-FMPs
as a contaminant model of FMPs to investigate the degrada-
tion performance of our photocatalysts. As shown in Fig. 7a,
the surface of untreated PET-FMPs was relatively smooth
with neat fiber edges and no deformation before photocata-
lytic degradation. After 48 h of direct exposure under AM
1.5 irradiation without photocatalyst added, a few cracks
and spots on the untreated PET-FMPs could be observed
(Fig. 7b), while the weight loss was almost negligible
(1.51+£0.74%, Fig. 8a). When the photocatalyst (Pt@N-
Ti0,-1.5%) was present, it was interesting to notice that the
morphology of untreated PET-FMPs drastically changed.
Most of the PET-FMPs became the sheet-like structure, and
the surface of the residual fibers became rougher (Fig. 7¢).
The weight loss of this case was slightly increased com-
pared to the original, but it remains very low (5.83 +0.82%)
(Fig. 8a). It indicated that relying solely on the active species
generated in the system was not effective enough to decom-
pose the highly persistent PET-FMPs. Compared to common
contaminants, polymer properties including high molecular
weight, high crystallinity, and strong intermolecular forces
make PET-FMPs become a highly resistant material. Based
on the above results, the pretreatment might be carried out
on PET-FMPs to make great changes in polymer properties
so that it is easier to be degraded by active species. Hence,
the hydrothermal pretreatment was firstly performed on
PET-FMPs, and then the photocatalytic degradation tech-
nology was utilized to degrade them.

As shown in Fig. 7d, PET-FMPs transformed into a short
rod-like structure with thin flakes neatly arranged on the
surface after a hydrothermal pretreatment at 180 °C for 12 h.
When it was exposed to light without photocatalyst added,
it was obvious that the length of these rods became shorter
and the rod-like structure was much more irregular or even
completely collapsed into small particles (Fig. 7e). Once
Pt@N-TiO,-1.5% was added to the system, the short rod-
like structure of the pretreated PET-FMPs was destroyed
completely and the morphology of the product was similar
to that of the molten polymer at this time (Fig. 7f). The
morphological and structural changes were more significant
than that of untreated PET-FMPs under the same degrada-
tion conditions. It is worth noting that in the absence or
presence of the Pt@N-TiO,-1.5%, the weight loss has been
increased to 3.70+ 1.13% and 28.96 +2.59%, respectively
(Fig. 8a). The above experimental results confirmed that the

@ Springer



1102

Advanced Fiber Materials (2022) 4:1094-1107

Untreated PET—H’[PS

Original

Light

......

<Catalyst+Light

Fig.7 SEM image and the corresponding partial enlarged image of
(a) untreated PET-FMPs and (d) pretreated PET-FMPs by hydrother-
mal (180 °C/12 h) before photocatalytic degradation. SEM image and
the corresponding partial enlarged image of (b) untreated PET-FMPs
and (e) pretreated PET-FMPs by hydrothermal (180 °C/12 h) without

a4 b
< S
=30 =
= g
=20 5
E £
10 £
= 1 =
,.“_ Untreated PET-FMPs
JEIN && RN \\"‘v b= Pretreated PET-FMPs (180 °C/12 h)
& FE SO SO s 4000 3500 3000 2500 2000 1500 1000
S S LS 1
S SR Wavenumber (cm™)
c. d
= Untreated PET-FMPs o Untreated PET-FMPs
: Pretreated PET{RMPs =] Pretreated PET-FMMs
2 (180 °C/12 h) = 180 °C/12 h
g 1189 g/mol % ( )
% 28424 g/mol DI=1.34 =, AH=93.2 J/g,
o | PDI=2.42 z
S =]
5 =
- <
2 S AH=43.38 J/g
< ==}
D
2778 9 10 11 12 13 50 100 150 200 250

Time (min) Temperature (°C)

Fig.8 a Weight loss of untreated PET-FMPs without Pt@N-
TiO,-1.5% added, untreated PET-FMPs with Pt@N-TiO,-1.5%
added, pretreated PET-FMPs by hydrothermal (180 °C/12 h) without
Pt@N-TiO,-1.5% added and pretreated PET-FMPs by hydrothermal
(180 °C/12 h) with Pt@N-TiO,-1.5% added after photocatalytic deg-
radation under AM 1.5 irradiation. b FTIR-ATR spectrum, ¢ GPC
analysis and d DSC analysis of untreated PET-FMPs and pretreated
PET-FMPs by hydrothermal (180 °C/12 h)
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Pretreated PET-FMPs (180 °C/12 h) »

Pt@N-TiO,-1.5% added after photocatalytic degradation under AM
1.5 irradiation. SEM image and the corresponding partial enlarged
image of (c¢) untreated PET-FMPs and (f) pretreated PET-FMPs by
hydrothermal (180 °C/12 h) with Pt@N-TiO,-1.5% added after pho-
tocatalytic degradation under AM 1.5 irradiation

pretreated PET-FMPs were indeed beneficial to the attack of
active species, thus obtaining a high weight loss.

As mentioned before, the pretreated PET-FMPs com-
pletely lost their original smooth fibrous structure, the tightly
arranged sheet enhanced the effective contact with the pho-
tocatalyst by increasing the specific surface area, and the
gap between the sheets could facilitate the penetration of
the photocatalysts, thereby attacking the inside of the PET-
FMPs more effectively not just the surface damage. As
shown in Fig. 7f, a large amount of photocatalysts adhered to
the solid residues of the PET-FMPs after photocatalytic deg-
radation, while the photocatalyst was almost invisible in the
untreated PET-FMPs degradation residues (Fig. 7¢), which
demonstrated the correctness of the above speculation. In
addition, there was almost no chemical shift in the peak
position of the group in PET-FMPs, but the corresponding
transmittances all presented a certain reduction in the FTIR-
ATR spectra (Fig. 8b). It implied that the internal structure
of the PET-FMPs might have changed after hydrothermal
pretreatment. GPC was used to analyze the changes in the
weight-average molecular weight of PET-FMPs before and
after pretreatment. As exhibited in Fig. 8c, the weight-aver-
age molecular weight of PET-FMPs had dropped sharply
from 28424 g/mol to 1189 g/mol. It is well known that the
molecular weight of a polymer is a quantitative parameter of
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molecular chain length [14]. Therefore, the molecular chain
in the pretreated PET-FMPs was cut and became shortened,
which could help active species to attack and decompose
them more effectively. As shown in Fig. 8d, the change in
the crystallinity of PET-FMPs could be calculated based
on the thermal information analyzed by DSC using the
equation: Xc=AH/AH,=A(H,-H.)/AH, (where “X_” is
the crystallinity, “AH,,” is the fusion enthalpy, “AHc” is
the crystallization enthalpy and “AH,” is the enthalpy of
complete fusion (140 J/g). To our surprise, the crystallin-
ity of the pretreated PET-FMPs increased from the initial
30.99% to 66.57%. The possible reason for this phenomenon
was that PET-FMPs is a semi-crystalline polymer, and the
amorphous part was easier to be degraded under the action
of heat and fell off, while the thermal degradation of the
crystalline part was relatively more difficult because of a
higher crystallinity [5]. As a result, the proportion of the
crystalline part had been greatly increased compared with
the original, thereby increasing the crystallinity. In addition,
the close-packed layered structure formed on the surface
of the pretreated PET-FMPs might also originate from the
partial degradation of amorphous part. Notably, although
the weight loss of pretreated PET-FMPs can be increased
to 28.96 +2.59%, unlike the sharp changes in morphology
and weight-average molecular weight that played a positive
role in promoting photocatalytic degradation, the increase in
crystallinity might be the key factor that limited the increas-
ing of weight loss. Specifically, the substantial increase in
crystallinity manifested that the internal molecular chain
arrangement of PET-FMPs was more orderly, which could
enhance the interaction between the molecular chains [8].
It was not conducive to the attack of active species, thereby
hindering the progress of photocatalytic degradation.

In order to further determine the factors affecting the pho-
tocatalytic degradation of FMPs, the influence of different
hydrothermal temperature and time on its weight loss was
investigated. As presented in Fig. S7a (Supporting Informa-
tion), it was clearly found that the weight loss of the PET-
FMPs gradually increased with temperature increasing, and
the same phenomenon also was observed in the accumula-
tion of time (Supporting Information, Fig. S7b). The mor-
phology, weight-average molecular weight and crystallinity
of PET-FMPs after hydrothermal pretreatment at different
temperature and time were detected.

It could be seen from the surface morphology of PET-
FMPs did not change significantly when pretreated at lower
temperatures (60-140 °C) for even 12 h (Supporting Infor-
mation, Fig. S8a—c). In contrast, at 180 °C for only 4 h, it
was observed that the roughness of PET-FMPs increased
dramatically. (Supporting Information, Fig. S8d). As the
hydrothermal treatment was prolonged to 8 h, a large num-
ber of holes were noticed to form on the surface of the fibers
(Supporting Information, Fig S8e). The degree of change in

the surface morphology of PET-FMPs was positively cor-
related with its weight loss. On the other hand, the weight-
average molecular weight and crystallinity of PET-FMPs
at different hydrothermal temperature and time were also
analyzed, and the variation tendency of weight-average
molecular weight was also consistent with the change trend
of weight loss (Supporting Information, Fig. S7¢), while the
change of crystallinity was opposite (Supporting Informa-
tion, Fig. S7d). Overall, it could be concluded that the rough
morphology and the reduction of weight-average molecular
weight were indeed beneficial to the photocatalytic degrada-
tion of PET-FMPs, while the increase in crystallinity was
the limited factor hindering the improvement of weight loss.

In addition, the degradation intermediates of PET-FMPs
were further analyzed by GC-MS, and a total of 13 short-
chain substances were detected. The molecular formula and
structure of each product were recorded in Table 1. The
identified substances included alcohols, carboxylic acids,
aldehydes, esters and olefins. The photocatalytic degrada-
tion of PET-FMPs by Pt@N-TiO,-1.5% depended on the
generation of active species, including “0,~, 'O, and h™,
and a possible degradation mechanism was proposed as
follows. Firstly, the transfer of h* from Pt@N-TiO,-1.5%
to PET-FMPs could weaken C—C bond of their molecular
structure, and eventually mineralized them into CO, [49].
Meanwhile, PET-FMPs were directly oxidized by *02_ and
10, to form organics containing oxygen groups, and fell off
into the solution together with organic intermediates. Then,
these degradation intermediates continued to be oxidized
and degraded into smaller fragments with low molecular
weight such as alcohols, carboxylic acids, and aldehydes.
Ultimately, these substances were partially mineralized into
CO, and H,0 [50-52].

Conclusions

In conclusion, we have achieved a superior degradation
effect of PET-FMPs (28.96 +2.59%) by the generated active
species (‘0O,”, !0, and h™) by assisting with hydrothermal
pretreatment. The result shows that a hydrothermal pre-
treatment (180 °C/12 h) is necessary to induce the initial
rough appearance and molecular weight reduction, which
are the positive factors affecting the photocatalytic degra-
dation effect of PET-FMPs. To be specific, the sheet-like
structure closely arranged on the surface of pretreated PET-
FMPs, which was beneficial to increase the contact with
the photocatalyst and attack the inside of the PET-FMPs
more effectively not just the surface damage. Moreover, the
decrease in the weight-average molecular weight of PET-
FMPs means that the molecular chain becomes shorter,
which is more conducive to the attack of active species.
However, the increased crystallinity of pretreated PET-FMPs
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Table 1 Intermediates formed upon Pt@N-TiO,-1.5% photocatalytic degradation of PET-FMPs, identified by GC-MS analysis

Compound Structure Molecular Molecular mass
formula
1,3-Cyclopentadiene,5- ok &
. ' .ad CsHio 106
(1-methylethylidene) vl e
2-Heptanone, 4,6- S
p. 'i € CoH150 142
dimethyl L8
-
Ethanol, 2-(octyloxy) e bad C10H2202 174
Benzene, 1,3-bis(1,1- g
. e CisH2 190
dimethylethyl) N %
q)
Benzaldehyde, 4-propyl i > :, CioH120 148
Phenol, 2,4-bis(1,1- wi o Lk
. L o Wi Ci4H220 206
dimethylethyl) Be
ht
Dodecanoic acid SAPY s C12H240; 200
Hexamethylene ¢
. Y A AP 8 & Ci2H1304 226
diacrylate 7
Propanoic acid, 2-
-
methyl-, 1-(1,1- ¢ & A%
. Y ( 'S C16H3004 286
dimethylethyl)-2-methyl- Mg

1,3-propanediyl ester

Heneicosane e o al ) Ca1Has 296
1,2-Benzenedicarboxylic ? % 5
acid, bis(2- 4 O C16H204 278
Wiy

methylpropyl) ester

7,9-Di-tert-butyl-1- vl
oxaspiro(4,5)deca-6,9- o 2 C17H240;3 276
diene-2,8-dione &
1-(+)-Ascorbic acid " CUETTESEEEec2 i o
G > C3sHesOs 652

2,6-dihexadecanoate

indicates that its internal structure is more ordered, which ~ The relationship between weight loss and the change of
can enhance the interaction between the molecular chains. morphology, weight-average molecular weight and crystal-
It may be a key factor hindering photocatalytic degradation.  linity at different hydrothermal temperature and time can
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fully prove this conclusion. To be honest, this method does
not realize that the entire operation process is carried out
at room temperature and ambient pressure and is two-step
degradation strategy since the hydrothermal pretreatment
is involved. In addition, the limited degradability of the
system does not produce satisfactory treatment effects for a
large amount of PET-FMPs. Above all, there are still many
challenges in exploring the degradation mechanism of PET-
FMPs and even plastic waste at present, such as many side
reactions and difficulty in in-situ detection of intermediate
products. As a result, how to achieve high-efficiency pho-
tocatalytic degradation at normal temperature and ambient
pressure conditions through a one-step method, and to deter-
mine the more detailed and in-depth degradation mechanism
of PET-FMPs is the focus of our future work.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-022-00149-4.
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