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a b s t r a c t

A novel hindered amine modified aromatic polyamide dendrimer/polystyrene-grafted-TiO2 hybrid
photocatalyst (HADPG-TiO2) was synthesized. And a new kind of controllable photodegradable poly-
styrene (PS) composite was prepared by embedding the HADPG-TiO2 into the commercial polystyrene.
Solid-phase photocatalytic degradation of the PS-HADPG-TiO2 composite was carried out in ambient air
at room temperature under solar light irradiation. The HADPG-TiO2 was characterized by FT-IR and
scanning electron microscopy (SEM), X-ray diffraction (XRD) and UVevis diffuse reflectance spectros-
copy, in comparison with reference materials (plain TiO2). The properties of PS-HADPG-TiO2 films were
compared with those of the pure PS films and PS-TiO2 films by methods such as weight loss measure-
ment, SEM and tensile properties measurement. The results showed that the HADPG-TiO2 had a better
dispersion in PS polymer and could absorb the visible light. The PS-HADPG-TiO2 films had better tensile
properties, compared with the pure PS films and PS-TiO2 films. Moreover, the as-prepared PS-HADPG-
TiO2 films showed more excellent photostability under solar light irradiation for 0e250 h and higher
photodegradable efficiency under the solar light irradiation for 600 h than the pure PS films and PS-TiO2

films. The photocatalytic degradation mechanism of the films was briefly discussed. The novel fabrication
method of composite polymer provides a valuable way for developing highly efficient and controllable
photodegradable plastics.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polystyrene (PS) is widely used in our daily life and the modern
plastic industry. However, PS and its related plastic products are
non-biodegradable in natural environment. As PS recycling may
neither be available nor economically viable, the large amount of
the waste PS discarded is constantly increasing each year and is
causing serious pollution problems. Traditional processing
methods, such as garbage deposit or incineration, lead to a serious
secondary pollution [1]. Therefore, the development of degradable
PS plastics becomes an important issue.

Heterogeneous photocatalytic oxidation that can occur at
moderate conditions has been widely used to deal with various
05
pollutants [2e10]. Due to the characteristics such as inexpen-
siveness, good photostability, non-toxicity, and high-reactivity,
TiO2 has been generally regarded as the best photocatalyst.
The photocatalytic degradation of PS by means of TiO2 immo-
bilized polystyrene (TiO2-PS) has been proved an attractive and
efficient technique for treatment of waste PS in open-air under
UV light irradiation or solar exposure [11,12]. However, the poor
dispersion of TiO2 particles in PS matrix and low solar efficiency
has already hindered the practical application of this technology.
To eliminate these drawbacks, Zan et al. have investigated a
novel photodegradable polystyrene-grafted-TiO2 (PS-g-TiO2)
nanocomposite [13], which had a larger interface area and a
higher photocatalytic activity. Some studies have developed a
simple method for immobilization of TiO2 nanoparticles on PS
using a thermal attachment method [14,15], and this method
made TiO2 nanoparticles better dispersion in the surface of PS to
greatly increase the photocatalytic efficiency of TiO2. Fa et al.

mailto:leiyonglin@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2015.04.005&domain=pdf
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
http://dx.doi.org/10.1016/j.polymdegradstab.2015.04.005
http://dx.doi.org/10.1016/j.polymdegradstab.2015.04.005
http://dx.doi.org/10.1016/j.polymdegradstab.2015.04.005


Y. Lei et al. / Polymer Degradation and Stability 118 (2015) 1e92
have investigated the solid-phase photocatalytic degradation of
PS films by embedding the iron phthalocyanine/TiO2 nano-
particles into the commercial PS [16], the results showed that
the photogradation of these films was significantly higher than
that of the pure PS films and the PS-TiO2 composite films both
under the UV irradiation and under the sunlight irradiation. The
solid-phase photodegradable efficiency of PS-TiO2 was steadily
enhanced after years of efforts. Nevertheless, proper stabiliza-
tion of PS is essential to protect the physical and mechanical
properties of PS from environmental impacts and to ensure a
satisfactory lifetime. The addition of stabilizers, such as antiox-
idants and UV absorbers, is a common way to avoid degradation
of PS by sun light [17e22]. This approach, however, synchro-
nously causes the solid-phase photodegradable efficiency of PS-
TiO2 to greatly reduce. Therefore, the search for ways, to inhibit
or at least retard photodegradation during the periods of ser-
vice, and to accelerate photocatalytic degradation during the
periods of disuse, is urgent for the further development of the
technology based on photocatalytic degradation of PS-TiO2
composite. However, A few researchers have recently studied
how to balance photocatalytic degradation and light stabiliza-
tion in PS.

In our previous works [23], the aromatic polyamide dendrimers
modified TiO2 hybrid photocatalyst (AD-TiO2) was high power
conversion efficiency and high molar extinction coefficient in the
visible light range. Moreover, their thermal and chemical stability
was better than that of PS, which ensured PS being degraded prior
to aromatic polyamide dendrimers and maintained the visible
photocatalytic efficiency of hybrid TiO2 photocatalyst. Thence, we
chose aromatic polyamide dendrimers to modify TiO2 in order to
improve the solid-phase visible photocatalytic degradation effi-
ciency of PS.

Nowadays hindered amine stabilizers (HAS) are the most
effective long-term light and partial heat stabilizers [24e29]. And
the combination of HAS with UV absorber has been widely
applied to improve the photostability of a variety of polymers
[30e33]. AD-TiO2 is not only excellent photocatalyst but also good
UV absorber. However, instead of making the photostability of Ps
better, the simply blending HAS with AD-TiO2 makes the photo-
stability of Ps worse because of the degradation and light stabi-
lization of the PS emerging in different parts of the PS. So, taking
a large number of eNH2 groups of AD-TiO2 that can be further
reacted with ]O groups of Tetramethylpiperidinone into
consideration, we introduced hindered amine into AD-TiO2 to
form the whole hindered amine structured photocatalyst. We
expect that this structured photocatalyst can form stable nitro-
xide radicals by hindered amine capturing oxygen-centred alkoxy
or peroxy radicals generated from TiO2 photocatalytic interface
during the periods of the service, which results in longer term
photostability of PS. And after nitroxide radicals bond with other
free radicals of PS-TiO2 interface, they can act as light-harvesting
molecules of TiO2 photocatalyst and accelerate photocatalytic
degradation of PS during the periods of disuse. Meanwhile, taking
proper the dispersions of AD-TiO2 into consideration, we grafted
PS on surfaces of AD-TiO2 according to the method of Zan et al.
[13]. To our best knowledge, there is no research in the field of the
photodegradable PS with hindered amine modified aromatic
polyamide dendrimer/polystyrene-grafted-TiO2 photocatalyst
(HADPG-TiO2) yet.

In this paper, a new kind of controllable photodegradable PS
composite film was prepared using HADPG-TiO2 as photocatalyst.
The structure of photocatalyst is as shown in Scheme 1. The pho-
todegradation performance has been investigated under solar light
irradiation. The mechanism of the solid-phase controllable photo-
catalytic reaction was probed.
2. Experimental

2.1. Chemicals

Anatase TiO2 nanoparticles (particle diameter 20 nm) were
purchased from Beijing Nachen S&T Ltd. (Beijing, China). Com-
mercial polystyrene (PS) particles were supplied by Zhanjiang
Xinzhongmei Chemical Co. Ltd. Methacryloxy propyl trimethoxyl
silane, Triacetoneamine, Phenylethylene, Azodiisobutyronitrile,
Dicyclohexylcarbodide, 3,5-diaminobenzoic acid and 4-
dimethylaminopyridine were obtained from Shanghai Chemical
Reagents (Shanghai). All of the other reagents (analytical grade
purity) were provided from Chengdu Chemical Reagent Factory
(Chengdu).

2.2. Synthesis of HADPG-TiO2

The synthesis route of HADPG-TiO2 is shown in Fig. 1.
TiO2 (0.5 mol) was dispersed in 50 mL dichloromethane under

ultrasonic vibrations for 60 min, then 0.25 mol of dicyclohex-
ylcarbodide, 0.02 mol of 4-dimethylaminopyridine, 0.1 mol of 3,5-
diaminobenzoic acid, and 0.1 mol of methacryloxy propyl trime-
thoxyl silane were added dropwise into the above suspension un-
der nitrogen and magnetic stirring. The formed CH2Cl2 suspension
was stirred at room temperature for 10 h, centrifuged, filtered and
washed three times with CH2Cl2. The obtained intermediate was
dried at 60 �C under vacuum and designated as 1.

The intermediate 1 was dispersed in 50 mL dichloromethane
under ultrasonic vibrations for 60 min, then 0.75 mol of dicyclo-
hexylcarbodide, 0.06 mol of 4-dimethylaminopyridine, and 0.6 mol
of 3,5-diaminobenzoic acid were added dropwise into the above
suspension under nitrogen and magnetic stirring. The formed
CH2Cl2 suspension was stirred at room temperature for 16 h,
centrifuged, filtered and washed three times with CH2Cl2. The ob-
tained intermediate was dried at 60 �C under vacuum and desig-
nated as 2.

The intermediate 2 was dispersed in 50 mL ethyl alcohol abso-
lute under ultrasonic vibrations for 60 min, then 0.4 mol of tri-
acetoneamine was added dropwise into the above suspension
under nitrogen and magnetic stirring. The formed ethyl alcohol
absolute suspension was refluxed with stirring for 22 h, centri-
fuged, filtered and washed three times with ethyl alcohol absolute.
The obtained intermediate was dried at 60 �C under vacuum and
designated as 3.

The intermediate 3 was dispersed in 50 mL ethyl alcohol abso-
lute under ultrasonic vibrations for 60 min. This suspension solu-
tion was added in a Wolff bottle, stirring at 35 �C for 2 h. Styrene
(20 mL), in which 0.18 g of AIBN was dissolved, was added into the
Wolff bottle and the mixture was refluxed with stirring for 24 h
under nitrogen. After the reaction, the mixturewas centrifuged and
the obtained HADPG-TiO2 was extracted three times with toluene
and dried in vacuum at 110 �C. The HADPG-TiO2 was stored at room
temperature in the dark.

2.3. Preparation of PS composite films

10 g PS was dissolved in 50 mL dichloromethane under vigorous
stirring for 2 h to obtain the PS solution. At the same time, The
HADPG-TiO2 (0.2 g) was dispersed uniformly into 20 mL dichloro-
methane by ultrasonic vibration for 20 min. Then the suspension
was added to PS solution. The HADPG-TiO2 catalyst content was
2.0% relative to the total mass of PS. The composite films were
prepared by spreading the viscous solution on a slide glass surface
(10 cme10 cm) and dried in airtight system for 48 h at room
temperature. The pure PS films and PS-TiO2 films were also



Scheme 1. Chemical structure of HADPG-TiO2.
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prepared in a similar procedure in order to compare the photo-
catalytic degradation activity and physical properties. The thickness
of these films was measured about 0.1 mm by a micrometer.

2.4. Characterization

2.4.1. Characterization of photocatalysts
The crystalline phase of the photocatalysts was measured by X-

ray diffraction (XRD, Cu Ka, 40 kV, 100 mA, Xpert MPD Pro). The
surface morphologies of the photocatalysts were studied by field-
emission scanning electron microscopy (FE-SEM, Ultra 55). Chem-
ical structure information of the photocatalysts was collected using
FT-IR spectra (VersionBM Spectrometer) with 2 cm�1 resolution
using KBr pellet method. UVevis diffuse reflectance spectra were
recorded on a UV-3150 spectrophotometer equipped with an
integrating sphere attachment.

2.4.2. Characterization of PS composite films
Tensile properties were determined from stressestrain curves

with a Toyo Instron UTM-III-500 with a load cell of 10 kg at a
drawing speed of 5 cm/min. Measurement was performed at 25 �C
with film specimens (about 0.1 mm thick, 1.0 cm wide and 5-cm
long) and average of at least five individual determinations was
used. The surface morphologies were taken by field-emission
scanning electron microscopy (Ultra 55).
2.5. Photocatalytic degradation of the composite films

The photocatalytic degradationwas performed under solar light
irradiation. The typical surface area of the film samples was 16 cm2

(4 cm � 4 cm). Each film was washed several times with the
deionized water and ultrasonic vibration to remove the traces of
dichloromethane solvent before irradiation. The 16 cm2 samples
were placed in the quartz vessel on a terrace in sun-shining con-
dition from the summer to the autumn. The average irradiation
time was 5e8 h in 1 day. The weight loss was measured every 25 h.
The surface morphologies of all samples after irradiation for 600 h
were observed by field-emission scanning electron microscopy.
Tensile properties of all samples after irradiation for 200 h and
600 h were also determined.
3. Results and discussion

3.1. Structural and optical characterization of HADPG-TiO2

Fig. 2 shows the FT-IR spectra of plain TiO2 and HADPG-TiO2

hybrid particles. A wide absorption band at 450e750 cm�1 in
Fig. 2a and b corresponds to the stretching vibration of TieO band
and the absorption peaks at 3450,1637 and 1399 cm-1 in Fig. 2a and
b represent the stretching vibration and the in-plane bending vi-
bration of surface hydroxyl groups. Based on the FT-IR result in



Fig. 1. Synthesis route of HADPG-TiO2.
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Fig. 2, new absorption peaks appear at 1496, 1450 cm�1 in FTIR
spectrum of HADPG-TiO2, which are the characteristic peaks of
phenyl ring [34]. And the characteristic peaks of gem-dimethyl at
1220, 1180 cm�1 also appear. The new absorption peak at 2927 is
Fig. 2. FTIR spectra of (a) TiO2 and (b) HADPG-TiO2.
assigned as CeH stretching mode. Moreover, a stronger and
broader absorption at 3450 cm�1 and 1637 cm�1 in FTIR spectrum
of HADPG-TiO2 compared with plain TiO2 are assigned to the
stretching vibration of NeH and C]O,C]N symmetric stretching
mode. These evidences proved the as-expected structures in
Scheme 1 had occurred for HADPG-TiO2.

The XRD patterns of the plain TiO2 and HADPG-TiO2 hybrid
particles are illustrated in Fig. 3. The peaks at 2q ¼ 25.4�, 37.7�, 48�,
53.8�, and 55.1� can be assigned to the diffractions of the (101),
(004), (200), (105), and (211) crystal planes of anatase phase of TiO2.
It is also clear from the XRD patterns that the HADPG-TiO2 remain
almost the same as TiO2. It indicated that the dominant structure of
HADPG-TiO2 was anatase, which would be very beneficial for the
photocatalysis of the as-prepared hybrid photocatalyst.

Typical SEM images of TiO2 and HADPG-TiO2 particles are dis-
played in Fig. 4a and b. It can be observed that the plain TiO2
nanoparticles are spherical, smooth, and strong aggregation. The
average size of the TiO2 nanoparticles is approximately 100 nm. The
morphology of HADPG-TiO2 particles does not differ much from
that of plain TiO2 and the average particles size is close to that of the
plain TiO2. However, the HADPG-TiO2 particles appear with less
aggregation and the surface of HADPG-TiO2 particles is rougher
than plain TiO2.

The UVevis DRS spectra of plain TiO2 and HADPG-TiO2 particles
are shown in Fig. 5. It can be found that the plain TiO2 can only
absorb UV light (l < 387 nm) and the HADPG-TiO2 can absorb both
UV light and visible light. The UV band from 200 to 400 nm of
HADPG-TiO2 is due to the absorption of TiO2 and the visible light



Fig. 3. XRD patterns of (a) TiO2 and (b) HADPG-TiO2.
Fig. 5. UVevis diffuse reflectance spectra of (a) TiO2 and (b) HADPG-TiO2.
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absorption band between 400 nm and 800 nm can be assigned to
the aromatic polyamide dendrimer structure of HADPG-TiO2. Seen
from Scheme 1, the aromatic polyamide dendrimer is of whole p
conjugated structure and electron donor. And TiO2 is electron
acceptor due to its electron-deficient of d-orbital. When the aro-
matic polyamide dendrimer is bonded with TiO2, the typical donor-
acceptor type p conjugated structure forms. These donor-acceptor
type chemical structures led to the decrease of the electron-
transition energy and the improvement of visible light absorption.

3.2. Characterization of PS composite films

Tensile properties of pure PS films, PS-TiO2 films and PS-HADPG-
TiO2 films were studied by the stress-strain analysis. The tensile
strength and elongation at break were calculated and these values
are given in Table 1.

The tensile strength and elongation at break in case of PS-
HADPG-TiO2 films were found to be higher than that of pure PS
films and PS-TiO2 films. Since the external stresses in a plastic
Fig. 4. SEM images of (a) TiO
composite were transferred from polymer matrix to the TiO2

network, the tensile strength of the hybrid materials was depen-
dent on the extent of bonding between the two phases and the
surface area of the TiO2. The PS-HADPG-TiO2 films had the greater
extent of bonding between the two phases and the more surface
area of the TiO2 particles than PS-TiO2. These analysis can be
confirmed by the SEM images of pure PS films, PS-TiO2 films and
PS-HADPG-TiO2 films (Fig. 6). It can be seen from Fig. 6, the PS-TiO2
films form micro size aggregates (Fig. 6b), which results in stress
concentration points. And the nano TiO2 particles of PS-HADPG-
TiO2 films are uniformly dispersed in PS matrix (Fig. 6c), which can
make external stresses in PS-HADPG-TiO2 films effectively transfer
from polymer matrix to the TiO2 network. Therefore, the PS-
HADPG-TiO2 films showed better tensile strength. The elongation
at break of films was dependent on the dense extent of films. The
SEM images of pure PS films and PS-TiO2 films showed more holes
and cracks than that of the PS-HADPG-TiO2 films (Fig. 6). Thence,
the elongation at break of the PS-HADPG-TiO2 films was larger as
compared to the pure PS films and PS-TiO2 films.
2 and (b) HADPG-TiO2.



Fig. 7. The weight loss of films in air under solar light irradiation (a) pure PS films, (b)
PS-TiO2 films and (c) PS-HADPG-TiO2 films.

Table 1
The tensile strength and elongation at break of samples.

Samples Tensile strength
(MPa)

Elongation
at break (%)

Pure PS 20.3 0.82
PS-TiO2 19.1 0.84
PS-HADPG-TiO2 25.3 1.18
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3.3. Photocatalytic degradation of the PS composite films

The photoinducedweight loss of pure PS films, PS-TiO2 films and
PS-HADPG-TiO2 films in air under solar light irradiation are shown
in Fig. 7. Theweight loss rate of the PS-HADPG-TiO2 films was much
greater than that of the pure PS films and PS-TiO2 films. The weight
loss of the pure PS films had almost no change in sunlight irradi-
ation. This result reflects the fact that the pure PS is non-
photodegradable in natural environment. The weight loss of the
PS-TiO2 films was only 9.53% under the solar light irradiation for
600 h, while that of the PS-HADPG-TiO2 films reached 19.89%. It
proved that the PS-HADPG-TiO2 films had higher photodegradable
efficiency than the PS-TiO2 films under long-term sunlight expo-
sure in natural environment. What's more, the weight of the PS-
HADPG-TiO2 films had almost no reduction under the solar light
irradiation for 250 h and the weight loss of the PS-HADPG-TiO2
films was the lowest in the three kinds of films. The weight loss of
the PS-HADPG-TiO2 films was only 1.11% under the solar light
irradiation for 200 h, while that of the PS films reached 1.24%. The
above weight loss data indicated that the PS-HADPG-TiO2 films
were indeed photodegradable with evident efficiency under long-
term solar light irradiation in natural environment and had excel-
lent photostability under short-term solar light irradiation.

In order to examine the service character of the solar irradiated
polymer films, the tensile strength analysis of pure PS films, PS-TiO2
films and PS-HADPG-TiO2 films irradiated by sunlight for 200 h and
600 h in air was also carried out (Fig. 8). The tensile strength of the
PS-HADPG-TiO2 films was greater than that of the pure PS films and
PS-TiO2 films under the solar light irradiation for 200 h. This is the
proof that addition of HADPG-TiO2 into films can protect the me-
chanical properties of PS from solar irradiation impacts and ensure
a satisfactory service lifetime. Moreover, after irradiated by sunlight
for 600 h, the PS-HADPG-TiO2 films had almost no tensile strength.
This result can further support the fact that the photocatalytic
degradation of PS for HADPG-TiO2 is highly efficient under long-
term solar light irradiation.
Fig. 6. SEM images of (a) pure PS films, (b) PS
The value of weight-average molecular weight (Mw) and poly-
dispersity of pure PS, PS-TiO2 and PS-HADPG-TiO2 films after 0 h,
600 h of solar exposure are listed in Table 2. Before irradiation, Mw
of pure Ps film was 46,670 g mol�1, and after solar irradiation for
600 h, Mw of pure Ps film decreased by around 30%, while theMw of
PS-TiO2 and PS-HADPG-TiO2 films decreased respectively by
around 75% and 85%. These results confirm the scission of polymer
chain and formation of smaller molecules. After solar irradiation
600 h, Mw and the polydispersity values of PS-TiO2 filmwere larger
than that of PS-HADPG-TiO2 films, as evidence that photo-
degradation using HADPG-TiO2 promoted a higher concentration of
small macromolecules than photodegradation using TiO2 under
long-term sunlight exposure in natural environment.

The surface morphologies of the films with photodegradation
under the solar light irradiation for 600 h were also observed by
SEM (Fig. 9). The SEM images revealed that the degradation of the
PS matrix started from the PSeTiO2 interface and led to the for-
mation of cavities around TiO2 particle aggregates (Fig. 9b and c),
which are ascribed to the catalysis of TiO2. After solar irradiated for
600 h, the PS-HADPG-TiO2 films showed more degradation than
the PS-TiO2 films. On the other hand, only crystals formed on the
-TiO2 films and (c) PS-HADPG-TiO2 films.



Fig. 8. The tensile strength of pure PS films, PS-TiO2 films and PS-HADPG-TiO2 films
solar irradiated for 0 h, 200 h and 600 h in air.

Table 2
The molecular weight of pure PS films, PS-TiO2 films and PS-HADPG-TiO2 films solar
irradiated for 0 h, 600 h in air.

Samples Mw

(gmol�1)
Polydispersity
(Mw/Mn)

Pure PS (0 h) 46,670 2.8
Pure PS (600 h) 33,695 2.5
PS-TiO2 (600 h) 11,434 1.7
PS-HADPG-TiO2 (600 h) 8307 1.4
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irradiated surface of the pure PS films. These results are in accor-
dance with the weight loss data shown in Fig. 7.
3.4. Degradation mechanism of the PS-HADPG-TiO2 films

The as-prepared PS-HADPG-TiO2 films showed excellent pho-
tostability under solar light irradiation for 0e250 h and highly
efficient photodegradation under the solar light irradiation for
600 h. The photodegradation activity of the PS-HADPG-TiO2 films
Fig. 9. SEM images of films under the solar irradiation for 600 h (a
was quite different from that of pure PS films and PS-TiO2 films. The
photodegradationmechanism of the PS-HADPG-TiO2 films could be
explained as follow (as shown in Scheme 2):

The linking of aromatic polyamide dendrimer to TiO2 led to form
donor-acceptor type p-conjugated surface complexes on TiO2 sur-
face that could be easily excited by sunlight. The electrons excited
from p-conjugated surface complexes (donor) would inject into the
unfilled d-orbital of Ti (acceptor), and then transferred into the
conduction band of TiO2 (Eq. (1)). These ligand-to-metal charge
transfer (LMCT) processes were consistent with the reported works
by other researchers [35e37]. The injected electron could reduce
surface chemisorbed oxidants such as O2 or H2O to yield the 1O2,
*OH and O2

- radicals (Eqs. (2)e(4)). These active oxygen radicals
attacked the PS chains to form R* radicals and ROO* radicals (Eqs.
(5)e(7)). As the PS-HADPG-TiO2 films had a large number of hin-
dered amine groups at the periphery of HADPG-TiO2 hybrid pho-
tocatalyst, these active oxygen radicals could also react with
hindered amine groups to form stable nitroxide radicals, and then
the nitroxide radicals could bondwith R* radicals and ROO* radicals
to form stable ether and carbonyl compounds (Scheme 2). Above
the process of free radicals scavenging by a large number of hin-
dered amine groups occurred in the periods of the PS-HADPG-TiO2
films irradiated by sunlight for 0e250 h. Hence, the PS-HADPG-TiO2

films showed hard photodegradation under solar light irradiation
for 0e250 h. After the PS-HADPG-TiO2 films were irradiated by
sunlight for 250 h, the reacted hindered amine groups could not
scavenge polymer and oxygen radicals anymore. Simultaneously,
the formed ether and carbonyl compounds could absorb UV radi-
ation readily and acted as light-harvesting molecules in HADPG-
TiO2. As a result, the more active oxygen radicals occurred and
easily attacked neighboring PS chains to form carbon centered
radicals and carbonyl intermediates (Eqs. (8)e(10)). Finally, PS
chains break [12] and CO2 are evolved (Eq. (11)). Therefore, the
HADPG-TiO2 accelerated photocatalytic degradation of PS during
the periods of the PS-HADPG-TiO2 films irradiated by sunlight for
250e600 h. Photoinduced reaction steps in the HADPG-TiO2 film
may be as follow:

TiO2 þ hl/TiO*
2

�
e�cb þ hþ

vb

�
(1)

e�cb þ O2ads/O�
2 (2)

TiO*
2 þ O2ads/

1O2 (3)
) pure PS films, (b) PS-TiO2 films and (c) PS-HADPG-TiO2 films.



Scheme 2. Proposed photodegradation mechanism of the PS-HADPG-TiO2 films.
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H2Oads þ hþ
vb/

*OH þ Hþ (4)

�ðCH2CHC6H5Þ � þ*OH/� ðCH2
*CC6H5Þ � þH2O (5)

�ðCH2
*CC6H5Þ � þ1O2/� ðCH2

*CC6H5OOÞ� (6)

�ðCH2
*CC6H5OOÞ � þO2/� �

CH2COO
*C6H5OO

�� (7)

� ðCH2COO
*C6H5OOÞ � þ � ðCH2CHC6H5Þ �/

� ðCH2COOHC6H5OOÞ � þ � ðCH2
*CC6H5Þ�

(8)

�ðCH2COOHC6H5OOÞ �/� ðCH2COC6H5OOÞ � þ*OH (9)

�ðCH2COC6H5OOÞ � þO2/R0COOH þ R
00
COOH

þ aldehydes and ethanol (10)

acidþ aldehydes and ethanol�������������!hl;TiO2 ;O2

successive cleavage with CO2 evolution
(11)

4. Conclusions

The HADPG-TiO2 hybrid photocatalyst had better dispersion in
PS polymer, possessed a large number of hindered amine groups at
the periphery, and could absorb the visible light. So the PS-HADPG-
TiO2 films had better tensile properties, compared with the pure PS
films and PS-TiO2 films. What's more, the as-prepared PS-HADPG-
TiO2 films showed more excellent photostability under solar light
irradiation for 0e250 h and higher photodegradable efficiency
under the solar light irradiation for 600 h than the pure PS films and
PS-TiO2 films. The weight loss of the PS-HADPG-TiO2 films was only
1.11% under the solar light irradiation for 200 h, while that of the PS
films reached 1.24%. The weight loss of the PS-TiO2 films was only
9.53% under the solar light irradiation for 600 h, while that of the
PS-HADPG-TiO2 films reached 19.89%. The hindered amine
captured 1O2 radicals, R* and ROO* radicals in clarifyingwhy the PS-
HADPG-TiO2 films showed hard photodegradation under solar light
irradiation for 0e250 h. And the reacted hindered amine groups
could absorb UV radiation readily and acted as light-harvesting
molecules in HADPG-TiO2 in clarifying why the HADPG-TiO2
accelerated photocatalytic degradation of PS during the periods of
the PS-HADPG-TiO2 films irradiated by sunlight for 250e600 h. On
the basis of this present investigation, the novel fabricationmethod
of composite polymer provides a valuable way for developing
highly efficient and controllable photodegradable plastics.
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