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bstract

This paper investigated solid-phase photocatalytic degradation of polyethylene (PE) plastic with TiO2 in the ambient air under solar and ultraviolet
ight irradiation. The photodegradation of the composite plastic was compared with that of pure PE through weight loss monitoring, scanning
lectron microscopic (SEM) analysis, gas chromatography (GC), FT-IR spectroscopy and X-ray photoelectron spectroscopy (XPS). PE-TiO2

omposite plastic can be efficiently decomposed and the main products are CO2 and water. The weight-loss of PE-TiO2 (1 wt%) film reached
2% under solar irradiation for 300 h. The degradation rate can be controlled by changing the content of TiO2 nanoparticles in PE plastic. The

egradation of composite plastic initiated on PE-TiO2 interface and then extended into polymer matrix induced by the diffusion of the reactive
xygen species generated on TiO2 particle surface. The present study demonstrates that the polymer-TiO2 compositing is a practical and promising
ay to degrade the plastic waste under solar light without any pollution.
2007 Elsevier B.V. All rights reserved.
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. Introduction

As a conventional plastic material, polyethylene (PE) is
idely used in food packaging or food service, retail industry

nd agriculture field. It is almost inevitable that PE will continue
o play an essential part in the commodities in spite of its resis-
ance to microbial or enzymatic degradation [1]. This situation
eads to the growing problem of pollution. Environmental con-
erns have promoted the development of degradable plastics.
he biodegradable and photodegradable (by introducing chro-
ophores or adding photosensitizer) plastics investigated till

ow still cannot solve the problem because these plastics have
he limitation of long-term degradation and cause an environ-

ental problem by the stabilizers [1–3]. In recent years, thermal
r catalytic degradation of plastic wastes into fuel oil has been

tudied extensively [4,5]. However, this technique requires not
nly high temperature and cost but also appropriate catalysts to
uarantee narrow distribution of hydrocarbons [5].
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Heterogeneous photocatalytic oxidation that can occur at
oderate conditions has been widely used to deal with aquatic

r air pollutants [6,7]. Due to the characteristics such as inexpen-
iveness, good photo stability, non-toxicity, and high-reactivity,
iO2 has been generally regarded as the best photocatalyst. Pre-
ious studies on TiO2 photocatalytic degradation of polymers
ainly dealt with liquid-phase reactions, such as photocatalytic

egradation of poly(vinyl chloride) (PVC) particles in aque-
us TiO2 suspension [8]. However, waste plastics are usually
xposed to the solar light in the open air, so the degradation of
lastics should be studied in solid-phase under the ambient air.
omposition of plastics and TiO2 presents a new way to decom-
ose solid plastics in an open air. The photocatalytic degradation
f PVC-TiO2 and PS-TiO2 composite films has been investi-
ated [9–11]. However, increase in degradation efficiency of
heir composite films and a close investigation of the degradation

echanism is still necessary.
In this paper, PE-TiO2 composite films were prepared and
heir photocatalytic degradation under ultraviolet light and solar
ight in the ambient air was investigated. Photodegradation
ntermediate products was detected and the mechanism of the
olid-phase photocatalytic reaction was proposed.

mailto:zhuyf@tsinghua.edu.cn
dx.doi.org/10.1016/j.molcata.2006.12.012


1 Catal

2

2

T
p
4
f

2

p
1
T
1
w
T
d
a
s

2
P

s
e
(
o
c
p
a
w
a
w
w
s
o
t
t
r
t
o
b

a
i
w
y
r
S
w
a
5
v

B
m
(
w

3

3

a
d
s
T
P
t
s
c
c
p

3

a
i
o
C
a
P
C
more than that from the pure PE sample. The formation of CO2 in
the pure PE sample was due to the photolysis. For PE-TiO2 sam-
ple, CO2 was produced not only from the photolytic degradation
but also from the photocatalytic degradation, and the latter was
02 X.u. Zhao et al. / Journal of Molecular

. Materials and method

.1. Materials

PE was supplied by Yanshan Petrochemical Company Ltd.
he average molecular weight (Mw) was about 100,000. P-25
hotocatalyst, the primary particles of which ranged from 20 to
0 nm in diameter with mixed crystalline phases, was provided
rom Degussa Company [12].

.2. Preparation of PE-TiO2 composite films

PE-TiO2 composite film samples were cast as follows. The
olymer stock solution was prepared by dissolving 1 g of PE in
00 ml cyclohexane at 70 ◦C under vigorous stirring for 60 min.
hen, TiO2 powder was suspended uniformly in the above
00 ml solution to give 0.02, 0.1 and 1.0 wt% TiO2 contents
ith respect to the total mass of PE. An aliquot of 10 ml PE-
iO2 solution was spread on a glass plate (R = 4 cm) and first
ried for 20 min at 70 ◦C, then dried for 48 h at room temper-
ture. The thickness of the resulting PE-TiO2 composite film
ample measured 15–20 �m by SEM. Its weight was ca. 0.1 g.

.3. Photodegradation and characterization of PE and
E-TiO2 films

PE-TiO2 composite and pure PE samples were exposed in
olar light under the ambient conditions from 9:00 am to 5:00 pm
very sunny day. TiO2 photocatalyst only absorbs UV light
λ < 387 nm), thus only UV light takes a role in solar degradation
f PE-TiO2 composite plastic. In order to reveal the photo-
atalytic degradation behavior and mechanism of PE-TiO2
lastic, the photo-degradation reaction was conducted under
mbient air in a lamp-housing box (40 cm × 30 cm × 20 cm)
here the temperature during UV-irradiation was maintained

round 25 ◦C. The pure PE and PE-TiO2 composite samples
ere irradiated under four 8 W ultraviolet lamps. The primary
avelength of the lamps was 254 nm and the light intensity mea-

ured 1.0 mW/cm2 at 5 cm away from the lamps. A typical size
f the film sample was around 5 cm × 5 cm. In order to detect
he intermediates of PE photocatalytic degradation, the PE pho-
odegradation experiment was performed in a columned quartz
eactor. Its diameter and length was ca. 35 and 280 mm, respec-
ively. Its actual volume was ca. 250 ml. At a given time, the air
f 0.2 ml was taken from the airproof quartz reactor and analyzed
y a gas chromatograph (GC).

The pure PE samples and PE-TiO2 composite samples before
nd after being irradiated at different times were all character-
zed by means of FT-IR, XPS and SEM techniques. IR analysis
as carried out on a PE-2000 FT-IR spectrometer. XPS anal-
sis was conducted in a PHI 5300 ESCA system with Al K�
adiation. The texture of the samples was examined by using
EM (KYKY 2000). In the experiment, the initial temperature

as 40 ◦C, and then was ramped to the final temperature 100 ◦C

t a rate of 40 K/min. The initial and final times were 1 and
min, respectively. The volatile organics were identified indi-
idually by standard gases, which were provided by Beijing AP
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AIF Gases Industry Limited. The concentration of CO2 was
easured by GC equipped with a thermal conductivity detector

TCD) using 5A zeolite steel column at 343 K. Its detect limit
as ca. 1 × 10−3 mg/l.

. Results and discussion

.1. Weight loss

Fig. 1 shows the photoinduced weight loss of pure PE film
nd PE-TiO2 composite samples in air under solar and UV irra-
iation. The weight loss rate was much greater for PE-TiO2
ample than for the pure PE one. The degradation rate of PE-
iO2 films increased with TiO2 concentration. The weight of
E-TiO2 (1 wt%) sample steadily decreased with solar irradia-

ion and led to the total 42% reduction in 300 h while PE sample
howed only 0.39% weight loss under the same experimental
onditions. The above weight loss data indicate that the photo-
atalytic reaction of PE-TiO2 film led to the bond scission and
roduced a mass of volatile intermediates.

.2. Formation of photodegradation products

GC equipped with TCD or FID was used to monitor the
mount of carbon dioxide and volatile organics produced dur-
ng the photolysis process, respectively. Fig. 2 shows variations
f the concentration of carbon dioxide with UV-irradiation time.
O2 concentration for the pure PE sample increased with irradi-
tion time and then leveled off after 5 h irradiation, while that for
E-TiO2 (1 wt%) sample increased continuously. The amount of
O2 produced from PE-TiO2 (1 wt%) sample was always much
ig. 1. Weight loss of PE and PE-TiO2 samples under solar or UV irradiation
n air. (a) PE under solar irradiation; (b) PE under UV irradiation; (c) PE-TiO2

1 wt%) under solar irradiation; (d) PE-TiO2 (0.02 wt%) under UV irradiation;
e) PE-TiO2 (0.1 wt%) under UV irradiation; (f) PE-TiO2 (1 wt%) under UV
rradiation.
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Fig. 3. (A) Curves a–g refer to GC peaks of methane, ethene, ethane, propane,
acetaldehyde, formaldehyde and acetone standard gases, respectively; curve h
is GC peaks of volatile organics. (B) The total area of volatile organics for PE
(a) and PE-TiO2 (1 wt%) (b) samples with UV-irradiation time.
ig. 2. The variations of concentration of CO2 for PE (a) and PE-TiO2 (1 wt%)
b) samples with UV-irradiation time.

ore important. The total amount of carbon in CO2 produced
uring photodegradation process accounts for 98% of the car-
on loss of PE-TiO2 (1 wt%) sample after 100 h irradiation and
C equipped with TCD failed to detect other volatile organics.

t is concluded that CO2 is the main product of the photocat-
lytic degradation of PE plastic and the degradation process is
nvironment friendly.

Fig. 3(A) shows the gas chromatogram of the volatile organ-
cs. Curve h displays the peaks of the volatile organic products
dentified by GC. Curves a–g refer to GC peaks of methane,
thene, ethane, propane, acetaldehyde, formaldehyde and ace-
one standard gases, respectively. It can be seen that peaks 1–7
xhibit the same retention time as that of a–g, respectively. The
ood consistency of the retention time was independent of the
ven temperature. Therefore, the generated volatile organics
re methane, ethene, ethane, propane, acetaldehyde, formalde-
yde and acetone. Fig. 3(B) compares the total amount of these
olatile organics for PE and PE-TiO2 (1 wt%) samples for the
ame irradiation time. It is seen that the organics amount for PE-
iO2 (1 wt%) sample was almost the same as that for the pure PE
ample, though the reaction rate of the composite sample was
uch higher than that of the pure sample. These results indicate

hat PE-TiO2 composite sample has the potential for complete
hotodegradation of PE into CO2, while the pure PE sample has
ittle ability for deep decomposition.

The functional groups in PE were characterized by IR spec-
roscopy. Fig. 4 compares FT-IR spectra of PE and PE-TiO2
1 wt%) samples after UV-irradiated for 100 h with that of the
riginal samples. The peaks at 2923, 2850, 1472 and 719 cm−1

orrespond to the long alkyl chain. The irradiated PE-TiO2
amples showed much lower intensity of characteristic alkyl
eaks compared with the original PE sample, while the pure
E samples showed little change. These results also indicate

hat the degradation of PE-TiO2 samples was much more com-

lete and fast than that of the pure PE samples. In Fig. 4(c),
here are three new peaks at 1713, 1631 and 1177 cm−1, which
an be assigned to C O, C C and C O stretching vibrations,
espectively.

Fig. 4. FT-IR spectra of PE samples before irradiation (a), PE sample UV-
irradiated for 100 h (b) and PE-TiO2 (1 wt%) sample UV-irradiated for 100 h
(c).
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the films (0.1 and 0.02 wt%). Only TiO2 on the surface of
ig. 5. High-resolution XPS spectra of C1s (A) and O1s (B) of PE sample before
rradiation (a), PE sample UV-irradiated for 100 h (b) and PE-TiO2 (1 wt%)
ample UV-irradiated for 100 h (c).

Fig. 5(A) and (B) present XPS spectra of C1s and O1s of
E and PE-TiO2 (1 wt%) samples after 100 h UV-irradiation as
ell as that of the original samples. In Fig. 5(A), C1s spectra
f the original PE sample consist of peaks at 284.6 (peak 1)
nd 288.2 eV (peak 2), corresponding to C C group of poly-
ers and the carboxyl group of impurities. The irradiated PE

nd PE-TiO2 samples present a new peak at 286.4 eV (peak 3),
hich is an indication of the existence of C O group, imply-

ng the presence of alcohols, ethers, and carboxylic acids [13].
he proportion of peak 3 for the irradiated PE-TiO2 sample

47.4%) is higher than that of the irradiated PE sample (9.8%),
mplying the reaction rate of the composite sample was much
igher than that of the pure PE sample. The extended peak at
89.6 eV (peak 4) for the irradiated composite sample can be

stimated to be further oxidation products including COO
r C O group, indicating the presence of carboxylic acids,
arboxylates, ketones and aldehydes [13,14]. In Fig. 5(B), O1s
eak of the original PE sample is 532.1 eV (peak 1), which is

a
d
T
w
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ssigned to typical oxygen groups such as carbonyl and OH
9]. For the irradiated PE and PE-TiO2 samples, a new peak at
34.8 eV (peak 2) appears, which can be attributed to OCO2
r carboxylic acids. The proportion of peak 2 increased from
.8% to 52.3%, indicating that these species were produced
uch more on the surface of the composite sample than on

he pure PE sample. XPS results are in agreement with those
f IR. These results suggest the formation of the carbonyl
nd carboxyl groups on the surface of the irradiated PE-TiO2
amples.

.3. Texture of samples after photodegradation

The texture of irradiated polymer samples was examined
y using transmission electron microscopy (TEM) and scan-
ing electron microscopy (SEM). TEM images (which are not
hown) revealed that the main TiO2 particles in composite films
ere aggregated up to the size of 0.1–0.5 �m. Fig. 6(A), (C)

nd (D) show the texture of PE-TiO2 (1 wt%) composite films
hat were UV-irradiated for 0, 20, and 100 h in air, respectively.
fter 20 h irradiation, there were some cavities 2–3 �m in size

nd 1–2 �m in depth on the surface of the film. The formation
f these cavities was induced by the escape of volatile prod-
cts from PE matrix. After 100 h irradiation, the surfaces of
he composite film were almost completely decomposed. The
ize and depth of the cavities were increased to 6–8 �m and
0 �m, respectively. Fig. 6(B) shows the texture of pure PE
lm that was irradiated for 100 h in air. In accordance with

he weight loss data shown in Fig. 1, the surface of the pure
E film showed little sign of degradation. SEM images sug-
ested that the degradation of PE matrix started from PE-TiO2
nterface and led to the formation of cavities around TiO2 par-
icle aggregates. It is implied that the active oxygen species
enerated on TiO2 surface diffuse to etch out the polymer
atrix.

.4. Effect of content of TiO2 on degradation rate

It is seen from Fig. 1 that the degradation rate of compos-
te films was not in direct proportion to TiO2 concentration.
he rate increase when it was increased from 0.1 to 1 wt%
as much less than when it was increased from 0.02 to
.1 wt%. Fig. 7 shows the texture of PE-TiO2 composite films
fter 50 h UV-irradiation. The hole density of composite films
1.00 wt%, 0.10 wt%, 0.02 wt%) is estimated to be 2.5 × 10−2,
× 10−2, 2 × 10−3 �m−2, respectively. The hole number den-

ity of 0.10 and 0.02 wt% composite films is in proportion to
he content of TiO2, while the hole density of 1 wt% com-
osite film is only 2.5 times that of the 0.1 wt% composite
lm. These data indicate that the aggregation of TiO2 in the
omposite film (1 wt%) was much more serious than that of
gglomerates is photocatalytically active and the aggregation
ecreased the interface area between the polymer and TiO2.
hus, the photo-degradation efficiency of the composite film
as decreased.
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ig. 6. SEM images of the pure PE or PE-TiO2 (1 wt%) composite films. (A) P
C) PE-TiO2 (1 wt%) sample UV-irradiated for 20 h; (D) PE-TiO2 (1wt%) samp

.5. Photocatalytic degradation mechanism of PE-TiO2

omposite films

The photolytic degradation of pure PE has been exten-
ively studied [15–18]. The reaction of PE under ultraviolet
rradiation occurred via direct absorption of photons by PE

acromolecule to create exciton states, and then undergo chain
cission, branching cross-linking and oxidation reactions. The
omposite sample showed higher photo-degradation reactiv-
ty than the pure PE sample. For the composite sample, the
hotocatalytic degradation was the main reaction, which was
uite different from the photolytic degradation of the pure PE
ample. The photocatalytic reaction mechanism of PE-TiO2
an be written as follows. TiO2 particles that absorb UV light
λ < 387 nm) generate mobile electrons and holes in the conduc-
ion and valence bands, respectively (Eq. (1)) [19]. Subsequent
eactions with O2 lead to the formation of several active oxy-
en species such as HO•, O2

•−, and HO2
• (Eqs. (2)–(7)), of

hich HO• is the most important oxidant in photocatalytic
xidation [20]. The active oxygen species described above ini-
iate the degradation reaction by attacking neighboring polymer
hains (Eq. (8)). The degradation process spatially extends
nto the polymer matrix through the diffusion of the reactive
xygen species. Once the carbon-centered radicals are intro-

uced in the polymer chain, their successive reactions lead to
he chain cleavage with the oxygen incorporation and species
ontaining carbonyl and carboxyl groups are produced (Eqs.
9)–(12)). These intermediates can be further photocatalyti-

–

–

O2 (1 wt%) sample before irradiation; (B) PE sample UV-irradiated for 100 h;
-irradiated for 100 h.

ally oxidized to CO2 and H2O by the aid of reactive oxygen
pecies.

iO2
hυ−→TiO2(e− + h+) (1)

2(ads) + e− → O2
•− (2)

2
•− + H2O → HO2

• + OH− (3)

HO2
• → H2O2 + O2 (4)

2O2 + hν → 2•OH (5)

H− + h+ → •OH (6)

2Oads + h+ → •OH + H+ (7)

(CH2CH2)– + •OH → –(
•
CHCH2)– + H2O (8)

(
•
CHCH2)– + O2 → –(CH(

•
OO)CH2)– (9)

–(CH(
•
OO)CH2)– + –(CH2CH2)–

→ –(CH(OOH)CH2)– + –(CH2

•
CH)– (10)
(CH(OOH)CH2)– + hν → –(CH
•
OCH2)– +

•
OH (11)

(CH
•
OCH2)– → –CHO + •CH2CH2– (12)
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. Conclusions

In summary, the photocatalytic degradation process of PE-
iO2 composite films was much faster and more complete than

he simple photolysis of pure PE films under UV and solar
ight irradiation. The main products of PE-TiO2 composite films
ia photocatalytic degradation process are CO2 and H2O. Their
egradation rate can be controlled by changing the content of
iO2 nanoparticles in the composite films. The development
f this kind of composite polymer can lead to an eco-friendly
isposal of polymer wastes.
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