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Abstract
A novel versatile photocatalyst, FDU-PdPcS, was prepared by immobilizing palladium phthalocyaninesulfonate (PdPcS) onto the
FDU-15 mesopolymer via multi-step chemical modification processes involving chloromethylation of the FDU-15 mesopolymer first
with chloromethyl methyl ether, a subsequent amination reaction with ethylenediamine, and finally modification with palladium
phthalocyaninesulfonate via ionic interaction. The obtained FDU-PdPcS photocatalyst was characterized by the X-ray diffraction
(XRD), UV-Vis spectrosopy and inductively coupled plasma (ICP) techniques. This photocatalyst not only affords a high dispersion
of monomeric PdPcS molecules, which may further be stabilized by the π-electron of benzene rings of FDU-15, but also provides
a number of diamino groups inside the mesopores, which could be advantageous for the photodegradation of phenolic pollutants. In
photodegradation studies of phenolic pollutants, the FDU-PdPcS catalyst exhibited excellent visible light photocatalytic activity and
reusability. The photodegradation products of phenol and bisphenol A were investigated by the gas chromatoghraphy-mass spectrometry
(GC-MS) technique. The results showed that the photodegradation products were composed of carboxylic acids and CO2. Isopropanol,
sodium azide and benzoquinone were used as hydroxyl radical (OH.), singlet oxygen (1O2) and superoxide radical (O2

.−) scavengers,
respectively. The results suggested that 1O2 and O2

.− were the prominent active species during the photodegradation process. A possible
mechanism for the photodegradation of phenol was also discussed.

Key words: mesopolymer; phthalocyanine; photocatalysis; visible light; phenolic pollutants
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Introduction

Phenol and its derivatives are typical organic pollutants
in the environment generated from pesticides, herbicides,
paints, leathers, and the textile and paper manufacturing in-
dustries (Ahmaruzzaman, 2008; Ahmed et al., 2010). Most
of those pollutants can remain in the environment for long
periods and cause serious environmental problems since
they have high toxicity and poor biodegradability. Thus,
the efficient removal of phenol and its derivatives from
wastewater has attracted extensive attention. The methods
for the removal of phenolic pollutants from wastewater
include chemical oxidation (Hamoudi et al., 1998; Inchau-
rrondo et al., 2012; Muhammad et al., 2012; Zeng et al.,
2012), photocatalytic degradation (Bazaga-Garcia et al.,

* Corresponding author. E-mail: xingrr@126.com (Rong Xing);
pwu@chem.ecnu.edu.cn (Peng Wu)

2012; Chowdhury et al., 2012; Luenloi et al., 2011) and
physical adsorption (He et al., 2009; Huang et al., 2012;
Zeng et al., 2010; Zhao et al., 2010), etc. Photocatalysis,
an energy-saving and environmentally friendly process, is
a promising technique for pollutant removal, especially
using visible light as an energy source, which constitutes
45% of solar energy. Metallophthalocyanines (MPcs) are
some of the most efficient and promising photosensitizers
or/and photocatalysts due to their ability to absorb visible
light and produce highly active singlet oxygen species
(Ishii, 2012; Meunier and Sorokin, 1997; Rawling and
McDonagh, 2007). The use of metallophthalocyanines
as photocatalysts in the degradation of organic pollu-
tants has been extensively investigated because of their
unique photophysical properties and photochemical sta-
bility. However, water-insoluble metallophthalocyanines
generally exhibit a low efficiency for the photodegradation
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of organic pollutants in aqueous media, while water-
soluble metallophthalocyanines suffer from difficulty in
separation from reaction mixtures and also tend to aggre-
gate in aqueous media, which leads to self-quenching of
the excited species and brings about deactivation of the
photocatalysts. To overcome these drawbacks, a variety
of suitable supports for MPcs such as carbon materials
(Lu et al., 2009; Xu et al., 2011), TiO2 (Guo et al., 2012;
Mekprasart et al., 2012), clays (Xiong et al., 2005), resins
(Wu et al., 2007), zeolites (Mohamed and Mohamed, 2008;
Yahiro et al., 2005) and mesoporous silicas (Shen et al.,
2011; Silva et al., 2012) have been developed. Among
these mentioned supports, mesoporous materials with ex-
tremely high surface area and well-ordered mesopores are
particularly suitable for supporting the MPc molecules,
which can be well dispersed into confined mesopores.

In comparison with silica-based mesoporous materials,
the FDU-type mesopolymer materials not only possess
high physicochemical stability in acidic or alkaline aque-
ous medium but also can efficiently adsorb phenolic
pollutants from wastewater through π–π interactions and
hydrogen bonding between the phenolic pollutants (e.g.
phenol, nitrophenol, bisphenol A, etc.) and the aromatic
species in the framework walls. For this reason, the FDU-
type mesopolymer materials were considered to serve
as ideal supports for anchoring the MPc molecules via
multi-step chemical modification processes. In the present
study, we prepared a novel photocatalyst of palladium(II)
phthalocyaninesulfonate (PdPcS) supported and stabilized
with a mesopolymer. The water-soluble PdPcS has proved
to be an excellent photocatalyst, but in aqueous media it
tends to aggregate with consequent self-quenching of the
excited species (Xiong and Xu, 2007). Earlier we have
reported that FDU-type mesopolymers were converted
readily into diamine-functionalized mesopolymers (FDU-
ED) through chloromethylation and amination procedures,
respectively (Xing et al., 2008, 2009). Possessing the
textural porosities of mesopolymer materials and the ad-
vantage of diamino groups, the FDU-ED material can be
used as an ideal scaffold for the dispersion and stabi-
lization of monomeric PdPcS molecules confined within
the mesopore channels. The PdPcS molecules can be
further stabilized by the π-electron of the benzene ring
moieties in the mesopolymer material, which can pre-
vent the PdPcS molecules from agglomerating and also
increase the quantum yield of singlet oxygen. In addition,
FDU-ED shows a good wettability in water and pro-
vides a number of diamino groups inside the mesopores,
which could be advantageous for the photodegradation
of phenolic pollutants in aqueous solution. The obtained
novel mesopolymer-supported PdPcS photocatalyst exhib-
ited high photoactivity in the degradation of phenol and
bisphenol A in the presence of H2O2 under visible light
irradiation. This method may provide a versatile way
for the design and fabrication of novel mesopolymer-

supported MPc photosensitizers that are useful for the
rapid degradation of organic pollutants using solar light as
an energy source, as well as other applications.

1 Materials and methods

1.1 materials

The FDU-15 mesopolymer and diamine-functionalized
FDU-15 (FDU-ED) were synthesized as our group pre-
viously reported (Xing et al., 2008, 2009). PdPcS was
synthesized according to a published method (Spiller et
al., 1998). Phenol and bisphenol A were purchased from
Shanghai Chemicals Inc, and were used as received.

1.2 Preparation of PdPcS-functionalized FDU-15

FDU-ED containing a number of diamino groups can
form a homogeneous suspension in water. Therefore FDU-
ED (1.0 g) was stirred directly into 100 mL of PdPcS
dilute solution (corresponding to 0.1 wt% loading) at room
temperature for 6 hr. The solution turned from blue to
colorless after the modification reaction. The solid product
was collected by filtration and washed with distilled water
until the filtrate turned colorless. It was finally dried at
60°C for 12 hr, leading to mesopolymer-supported PdPcS,
which is denoted as FDU-PdPcS.

1.3 Characterization

X-ray diffraction (XRD) patterns were collected on a
Rigaku Ultima IV X-ray diffractometer using Cu-Kα ra-
diation (λ = 1.5418 Å) at 35 kV and 25 mA (Rigaku,
Japan). UV-Visible spectra of the FDU-15 and FDU-PdPcS
were recorded on a PerkinElmer Lambda 35 UV/Vis
spectrometer with in diffusion reflectance mode using
polytetrafluoroethene as a reference (PerkinElmer, USA),
and UV-Visible spectra of the PdPcS aqueous solution
were recorded on a SPECORD-S600 (Jena, Germany),
equipped with 1.0 cm quartz cells. The amount of Pd in
the photocatalyst was quantified by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) on a
Thermo IRIS Intrepid II XSP atomic emission spectrom-
eter (Thermo Scientific, USA).

1.4 Photocatalytic test

The photocatalytic reaction was performed in a glass
reactor using a Halogen lamp (500 W, Yamin Shanghai,
China) through a glass filter (λ > 450 nm) as irradiation
source. In a typical experiment, 100 mL of a phenolic
compound solution and 0.02 g of catalyst were stirred in an
air-saturated aqueous solution at room temperature under
darkness overnight until reaching adsorption equilibrium.
An appropriate amount of H2O2 was then added into
the reactor and the suspension was irradiated to start
the photoreaction. During the irradiated photoreaction,
a proportion of the reaction mixture (ca. 2 mL) was
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sampled. After removing the solid catalyst by filtration
through a membrane (0.45 µm), the amount of phenolic
compound remaining in the solution was analyzed by high
performance liquid chromatography (Waters 2695-2489
HPLC, C18 reverse column, 5 µm, 250 mm × 4.6 mm)
using CH3OH-H2O (60% : 40%, pH 5 by acetic acid) as
eluent. The photodegradation intermediates were identified
by GC-MS on an Agilent Technologies 7890A instrument
equipped with a DB-624 capillary column (60 m × 0.25
mm × 1.4 µm). The reaction filtrate was acidified to pH
1–2 and then the volume of filtrate was reduced to about
5 mL via rotary evaporation. Then 5 mL of CH3OH and
0.5 mL of concentrated sulfuric acid were added to the
residue. After the resulting mixture was refluxed for 3–
4 hr, it was saturated with NaCl and further extracted
with dichloromethane. The organic liquor was dried over
anhydrous MgSO4 and then evaporated to about 2 mL
under reduced pressure before GC-MS analysis. Carbon
dioxide was detected by the Ba(OH)2 method. Isopropanol,
sodium azide and benzoquinone were used as OH., 1O2
and O2

.− scavengers, respectively, in the photodegradation
reactions. The used catalyst was washed with hot distilled
water, and dried at 80°C. The FDU-PdPcS recycling
experiments were carried out under the above mentioned

conditions.

2 Results and discussion

Figure 1 shows the strategy for preparing the novel photo-
catalyst of FDU-15 mesopolymer modified with palladium
phthalocyaninesulfonate (FDU-PdPcS). First, the modi-
fication processes to create the diamine-functionalized
mesopolymer were carried out as in our previous studies
(Xing et al., 2008, 2009), where the FDU-15 (hexagonal
P6mm) mesopolymer was modified with diamino groups
(FDU-ED) through successive chloromethylation and ami-
nation reactions. Second, the obtained FDU-ED was added
into the PdPcS aqueous solution. The hydrophilic diamino
groups enabled FDU-ED to form a homogeneous suspen-
sion in the blue PdPcS aqueous solution. Then, the PdPcS
ions were captured rapidly by the diamino groups through
protonation and ionic interaction to lead to a colorless
filtrate, giving rise to the mesopolymer-supported PdPcS,
FDU-PdPcS.

2.1 Characterization of FDU-PdPcS

The samples were characterized by UV-Vis spectroscopy
to track the chemical modification. Figure 2a presents the
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Fig. 1 Schematic illustration of the synthesis of FDU-PdPcS photocatalyst.
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diffuse reflectance UV-Vis spectra of the PdPcS aqueous
solution before and after the modification reaction. The
distinct feature of the parent PdPcS solution was the
presence of two absorption bands at 646 and 617 nm at-
tributed to the monomer and aggregated form, respectively.
After the modification reaction, these two adsorption bands
disappeared notably, indicating that PdPcS ions had been
completely incorporated into the mesopolymer through
protonation and ionic interaction. Figure 2b shows the
UV-Vis spectra of the FDU-15 before and after grafting.
For the bare FDU-15, no obvious absorption band was
found. After the modification reaction, the FDU-PdPcS
developed three distinctly new absorption bands. The band
at 660 nm corresponding to the PdPcS monomer was red-
shifted due to the π–π interaction between PdPcS and
the mesopolymer, which is in good agreement with the
literature (Xiong and Xu, 2007), while the shoulder peaks
at 606 and 553 nm were assigned to the aggregate forms
of PdPcS. The above results suggested that most of the
monomeric PdPcS molecules were successfully introduced
inside the mesopores of FDU-15, and a small portion of
the larger aggregate forms may be located on the outer
surface of FDU-15. The loading level of PdPcS was ca.
1 mg/g, which was determined by inductively coupled
plasma (ICP) analysis.

The low-angle powder XRD patterns of the parent FDU-
15 and FDU-PdPcS are shown in Fig. 3. Both the samples
exhibit three diffraction peaks, which can be ascribed
to the characteristic peaks of the [10], [11] and [20]
planes, based on a well-ordered 2D hexagonal structure
with a P6mm space group. The results suggested that
the mesostructure of the FDU-PdPcS was not destroyed
after multi-step chemical modification. All the diffraction
peaks for the FDU-PdPcS shifted slightly to lower angles
since the unit cell increased from 88.1 to 92.5 Å after the
chemical modification. This result further indicated that
PdPcS molecules with bulky dimensions were successfully
attached on the FDU-15 mesopolymer walls.
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Fig. 3 XRD patterns of FDU-15, FDU-PdPcS.

2.2 Photocatalytic decomposition of phenol

It is well known that pH value plays an important role dur-
ing the photooxidation reaction and greatly influences the
dominant species of phenol (Gerdes et al., 1997; Xiong et
al., 2005) in aqueous solution. Therefore, we first investi-
gated the effect of the pH on the photocatalytic degradation
of phenol. Figure 4 shows the photodegradation of phe-
nol under different pH conditions using FDU-PdPcS as
photocatalyst. The degradation rates of phenol (60 mg/L)
aqueous solution were about 61% and 69% after 7 hr at pH
5 and neutral aqueous solution, respectively, while almost
98% of phenol was degraded after 6 hr in an alkaline
solution. The degradation rate of phenol increased with
increasing pH value of the reaction mixture. Accordingly,
phenolic pollutants in alkaline solution are more easily
degraded than in neutral or acidic solution because the
alkaline media enhances the deprotonation of phenol to
form phenolate, and thus it is more oxidizable by singlet
oxygen (Gerdes et al., 1997; Xiong et al., 2005). The
subsequent degradation reactions were carried out at the
optimum pH value (pH 11).

Figure 5 shows the concentration changes of phenol
with time under various reaction conditions. In control
experiments with H2O2 in the dark or under visible light ir-
radiation without photocatalyst, the degradation of phenol
hardly occurred, indicating that direct photolysis of H2O2
is impossible under visible light irradiation. The result
showed that H2O2 could not oxidize phenol alone in the
dark or under visible light irradiation. In the experiments
without visible light irradiation, FDU-PdPcS also failed to
catalyze the degradation of phenol in the presence of H2O2,
and only adsorbed about 7% of phenol from the solution
(Fig. 5 line c). However, FDU-PdPcS exhibited a high
photocatalytic activity for the degradation of phenol under
visible light irradiation. In the presence and absence of
H2O2, phenol was degraded 98% and 56% after irradiation
for 6 hr using FDU-PdPcS as photocatalyst, respectively
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Fig. 4 Effect of pH value on the photodegradation rate of phenol.
Reaction conditions: 0.02 g FDU-PdPcS, 100 mL phenol (60 mg/L),
H2O2 (0.25 mmol/L).
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Fig. 5 Changes of phenol concentration with reaction time under various
conditions. line a: H2O2 in dark; line b: H2O2 in Vis-light; line c: FDU-
PdPcS + H2O2 in dark; line d: FDU-PdPcS in Vis-light; line e: FDU-
PdPcS +H2O2 in Vis-light. Reaction conditions: 0.02 g FDU-PdPcS, 100
mL phenol (60 mg/L), H2O2 (0.25 mmol/L), pH 11.

(Fig. 5 lines d and e). The control experiment with FDU-
PdPcS in the presence or absence of H2O2 demonstrated
that H2O2 can accelerate the reaction rate under visible
light irradiation and eliminate the colored intermediates
during the photodegradation reactions, which was in good
agreement with the reported literature (Hu et al., 2004).
The above results suggested that the FDU-PdPcS photo-
catalyst and visible light were essential for the degradation
of phenol. It is noteworthy that the FDU-PdPcS catalyst
showed high photoactivity in the photodegradation of the
phenol at low molar ratio of PdPcS/phenol. This can be
explained by the fact that the FDU-PdPcS catalyst not only
afforded a high dispersion of monomeric PdPcS molecules,
which would be further stabilized by the π-electrons of
the FDU-15 mesopolymer, but also provided a number
of diamino groups inside the mesopores, which could be
advantageous for the photodegradation of phenol.

The photocatalytic degradation of phenol can be as-
sumed to follow first-order kinetics, which can be repre-
sented by the equation:

ln(C0/Ct) = kobst

where, C0 is initial concentration and Ct is the con-
centration at reaction time (t), kobs is the apparent rate
constant, obtained from the slopes in Fig. 6 for different
concentrations of phenol. Table 1 lists the rate constant
(kobs) and half-lives at initial phenol concentrations ranging
from 20 to 100 mg/L. The values of kobs decreased from
0.0385 to 0.0057 min−1 with increasing initial concentra-
tion from 20 to 100 mg/L. The results clearly showed that
the photodegradation of phenol was faster in more dilute
phenol solution. This was attributed to the adsorption
and/or diffusion limitation of molecular oxygen in the
mesopores at higher concentrations during the photodegra-
dation reaction process (Hu et al., 2004). The variation of
kobs indicated that the photodegradation of phenol mainly
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Fig. 6 Effect of initial concentration on the photodegradation of phenol.

Table 1 Rate constant (kobs), half-life (t1/2) at various concentrations
of phenol

Concentration (mg/L) R2 kobs (min−1) t1/2 (min)

20 0.9883 0.0385 18.00
40 0.9974 0.0254 27.26
60 0.9814 0.0109 63.59
100 0.9832 0.0057 121.60

occurred on the surface of PdPcS owing to its ability to
absorb the visible light and generate the active species in
situ nearby, which then oxidized the phenol.

In order to detect photodegradation intermediates of
phenol, gas chromatography-mass spectrometry (GC-MS)
analysis was employed. According to the previous reports,
the intermediates in the degradation of phenolic pollu-
tants consisted mainly of carboxylic acids (Kluson et al.,
2007; Tai et al., 2005; Wu et al., 2007). Therefore the
intermediates needed to be esterified with methanol using
concentrated sulfuric acid as the catalyst, and then the
obtained products were analyzed by GC-MS (Fig. 7). A
mixture of dimethyl oxalate, dimethyl malonate, dimethyl
D-malate and dimethyl maleate was identified as the
methyl ester derivatives of the intermediates, suggesting
that the photodegradation intermediates were composed
of oxalic acid, malonic acid, malic acid and maleic acid.
Besides those organic acids, carbon dioxide was also
observed using the Ba(OH)2 method as final products of
the mineralization of phenol (Gerdes et al., 1997; Iliev et
al., 2002).

To investigate the mechanism for the photodegradation
processes, isopropanol, sodium azide and benzoquinone
were used as hydroxyl radical (OH·), singlet oxygen
(1O2) and superoxide radical (O2

.−), scavengers, respec-
tively. This would give information concerning the reactive
species during the photodegradation process. In compar-
ison with a typical photocatalysis (Fig. 8 line d), the
addition of benzoquinone or sodium azide distinctly re-
tarded the degradation rate (Fig. 8 lines a and b), while
the addition of isopropanol showed little influence on the
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Fig. 7 GC-MS chromatogram of photodegradation of phenol. Reaction conditions: 0.02 g FDU-PdPcS, 100 mL phenol (60 mg/L), H2O2 (0.25 mmol/L),
pH = 11, irradiation 5 hr.
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Fig. 8 Effect of scavengers on the photodegradation of phenol. (line
a) benzoquinone, (line b) NaN3, (line c) isopropanol and (line d) no
scavenger.

degradation rate (Fig. 8 line c). The above experiments
indicated that both 1O2 and O2

.− are probably the promi-
nent active species during the photodegradation process
under visible light irradiation, and a small amount of OH·
possibly participated in the photodegradation of phenol. It
has been reported that the photodegradation of phenolic
pollutants may proceed through Type I and/or Type II
mechanisms (Zanjanchi et al., 2010; Zugle et al., 2012).
The Type I mechanism involves radicals during the pho-
todegradation process, while the Type II mechanism starts
with 1O2 under visible light irradiation. Based on the above
results, the photodegradation of phenol took place through
both Type I and II mechanisms. The possible reaction
mechanism for the photocatalytic degradation of phenol
is shown in Fig. 9. Radicals (O2

.−, OH.) interacted with
phenolate to form the hydroquinone intermediate, while
1O2 reacted with phenolate to produce the benzoquinone
intermediate (Ogunbayo et al., 2011). Subsequently, these
intermediates generated were finally oxidized to CO2, H2O
and various carboxylic acids.

The stability and recyclability of a heterogeneous cat-

-OOCCOO-

-OOCCH2COO
-
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OOCCH=CHCOO
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-
OOCCH(OH)CH2COO

-

CO3
2-

+

+

+
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O
- OHHO

O O
1
O2

Radicals

Fig. 9 Possible mechanism for the photodegradation of phenol under
visible light.

alyst is very important for its practical application. As
shown in Fig. 10, after four cycles for photodegradation
of phenol under the same experimental conditions, the
photocatalyst exhibited similar photocatalytic activity. The
high reusability of the FDU-PdPcS photocatalyat can be
attributed to the high stability of FDU-15 in alkaline
aqueous solution and tight attachment of PdPcS molecules
inside the confined mesopores, which be further stabilized
by the π-electrons of the FDU-15 mesopolymer.
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Fig. 10 Cyclic use of FDU-PdPcS for the photodegradation of phenol.
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Fig. 11 Changes of BPA concentration with reaction time. The initial
concentration of BPA was 0.04 mmol/L (line a) and 1.0 mmol/L (line
b). Reaction conditions: 0.02 g FDU-PdPcS, 100 mL BPA, H2O2 (20
mmol/L), pH 11.

2.3 Photodegradation of bisphenol A

Bisphenol A (BPA) has been frequently used as a raw
material in the manufacture of epoxy resins, polycarbonate
resins, pesticides, etc. However, BPA is an endocrine dis-
rupter if it is released into the environment, and can cause
various diseases (Staples et al., 1998). The FDU-PdPcS
catalyst was further applied to the degradation of BPA. As
shown in Fig. 11, BPA with an initial concentration 0.04
and 1.0 mmol/L was degraded completely in the presence
of H2O2 after irradiation for 1 and 3 hr, respectively. The
organic intermediates of BPA after esterification reaction
with methanol were identified by GC-MS (Fig. 12). A
mixture of dimethyl malonate, dimethyl D-malate and
dimethyl oxalate was identified as the methyl ester deriva-

tives of intermediates. CO2 was also observed among the
final products of degradation of BPA. The above results
showed that the photodegradation products of BPA, com-
posed of carboxylic acids and CO2, are similar to those of
phenol. All the above experiments on the photodegradation
of both phenol and BPA suggest that the FDU-PdPcS
catalyst is an efficient heterogeneous photocatalyst and
could be further applied to the photodegradation of most
common organic pollutants.

3 Conclusions

A novel efficient photocatalyst, FDU-PdPcS, was prepared
by efficient electrostatic interactions. The FDU-PdPcS
exhibited excellent visible light photocatalytic activity and
reusability in the degradation reactions of both phenol
and BPA owing to the advantages of a high dispersion
of monomeric PdPcS molecules in a well-ordered meso-
porous, pure organic framework containing a number of
diamino groups. Control experiments using isopropanol,
sodium azide and benzoquinone gave evidence that 1O2
and O2

.− were probably the main active species during
the photodegradation processes. FDU-PdPcS is able to act
as an eco-friendly photocatalyst, and has the potential to
be used for efficient removal of organic pollutants using
sunlight as the energy source.
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