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isible-light photodegradation of
organic dyes with TiO2/conjugated microporous
polymer composites†

Jisi Li, Xianhui Wen, Qiujing Zhang and Shijie Ren *

A series of composite materials made of TiO2 and conjugatedmicroporous polymers (CMPs) were prepared

with a hydrothermal method and used as both adsorbents and photocatalysts for the adsorption and visible-

light photodegradation of organic dyes in aqueous solutions. It is found that the blending of CMPs can

significantly improve both the adsorption capacity and the photocatalytic degradation activity of TiO2

towards organic dyes.
Introduction

Rapid industrialization and ever-growing human activities have
caused more and more serious water pollution in the last few
decades, posing great threats towards both human health and
ecological environment. Organic dyes, as one of the major water
pollutants, are usually toxic, chemically stable and hard to
degrade.1,2 Among various water treatment technologies, phys-
isorption has been considered to be one of the most economic
and effective methods to remove organic dyes in aqueous
solutions.3–6 However, traditional porous materials can only
adsorb organic dyes without degradation, oen suffering from
regeneration and secondary pollution problems.7 At present,
photocatalysis is widely used in environmental remediation,8,9

and photodegradation has been under active investigation as
one of the effective emerging technologies for the elimination of
organic dyes from water.10 At present, most studies are focused
on inorganic semiconductors as photocatalysts to degrade
organic dyes, such as TiO2 (ref. 11 and 12) and other metal
oxides and sulphides.13–16 However, these inorganic semi-
conductors oen suffer from limited surface area and wide
band gap (only UV responsive), severely restricting their prac-
tical applications.17–19 Hence, it is highly desirable to develop
material systems which can simultaneously adsorb organic dyes
in aqueous solutions and photodegrade them under visible
light.

With the above requirements in mind, conjugated micro-
porous polymers (CMPs) which were rstly developed in 2007,20

might be a new option. The distinguished properties of CMPs
which include high stability and hydrophobicity, large surface
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area, full conjugation and high photon-activity endow them
ideal candidates for the adsorption and photodegradation of
organic dyes in aqueous solution.21,22 Although CMPs have been
extensively studied as photocatalysts for organic reactions or
hydrogen evolution by water splitting,23,24 there are few reports
of CMPs as photocatalysts for degradation of organic pollut-
ants.25,26 Meanwhile, it has been well evidenced in organic
photovoltaics that fabrication of heterojunction structure with
organic–inorganic semiconductor composites is an efficient
way to improve photogenerated charge separation,27,28 which
would also be highly benecial for photodegradation.29

Herein, we prepared a triazine-containing CMP (TrCMP) via
Suzuki coupling reaction. TrCMP shows reasonable adsorption
capacity and high photodegradation activity towards a typical
organic dye of methylene blue (MB) in aqueous solution. Then,
TrCMP–TiO2 composites with different TrCMP proportions
were prepared with hydrothermal method. These composite
materials exhibit variable adsorption capacities and photo-
degradation activities according to the content of TrCMP and
with optimized feeding ratios, the composite materials show
several times higher photodegradation rate than pure TiO2 used
separately.
Experimental
Chemicals

4-Bromobenzonitrile (98%+, Adamas), methylene blue (J&K),
triuoromethanesulfonic acid (99%, Adamas), 1,4-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (98%+, Adamas),
tetrakis(triphenylphosphine)palladium (Pd(PPh3)4, 9.2% Pd,
Adamas), anhydrous N,N-dimethylformamide (DMF, 99.9%,
J&K), TiO2 (P25, Acros), dry CHCl3, K2CO3, triethanolamine
(TEOA, 99%, Kelong), benzoquinone (BQ, 99%, Adamas),
NaHCO3, ethanol, methanol, acetone, chloroform, and tetra-
hydrofuran are all purchased from commercial sources and
used as received. Monomer Tr-M (2,4,6-tris(4-bromophenyl)-
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The preparation route of TrCMP.
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1,3,5-triazine) was synthesized by 4-bromobenzonitrile accord-
ing to the reported procedure.30

Synthesis of TrCMP

Under an argon atmosphere, Tr-M (164 mg, 0.3 mmol), 1,4-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene
(149 mg, 0.45 mmol) and K2CO3 (1.66 g, 12 mmol) were dis-
solved in a mixture of DMF (40 mL) and water (6 mL). Aer
degassed by argon for 1 h, Pd(PPh3)4 (17.31 mg, 0.015 mmol)
was added to the mixture and the mixture was degassed for
another 0.5 h. Then the solution was heated to 150 �C and
stirred for 96 h. Aer cooled to room temperature, the mixture
was poured into water and ltered. The solid was thoroughly
washed with methanol, chloroform, acetone and tetrahydro-
furan. Further purication was carried out by Soxhlet extraction
with methanol, chloroform, and tetrahydrofuran for 24 h each.
The resulting gray power was dried under vacuum at 120 �C for
24 h to get TrCMP (123 mg, 98%). Elemental analysis calcd (%)
for C30H18N3: C 85.69, H 4.31, N 9.99, C/N 7.93; found (%): C
85.64, H 4.82, N 7.97, C/N 10.75. Fourier-transform infrared
spectroscopy (FT-IR) (KBr, cm�1): 2921, 1607, 1577, 1512, 1423,
1365, 807.

Synthesis of TrCMP–TiO2 composites

TrCMP was ultrasonicated in the mixture of deionized water (60
mL) and anhydrous ethanol (30 mL) to be completely dispersed.
Then, different amount of TiO2 was added to the dispersion and
stirred vigorously for 2 hours to obtain a homogeneous
suspension. This suspension was then transferred to a Teon-
sealed autoclave (100 mL) and maintained at 120 �C for 24 h.
The resulting complex was collected by ltration, washed with
water, and dried at 80 �C in vacuum to get the nal composites
with different addition ratios of TrCMP.

3% TrCMP–TiO2: TrCMP (4.5 mg), TiO2 (145.5 mg)
to get 3% TrCMP–TiO2 (147.5 mg, Y ¼ 98.33%).
5% TrCMP–TiO2: TrCMP (7.5 mg), TiO2 (142.5 mg)
to get 5% TrCMP–TiO2 (146.6 mg, Y ¼ 97.67%).
10% TrCMP–TiO2: TrCMP (15 mg), TiO2 (135 mg)
to get 10% TrCMP–TiO2 (144.8 mg, Y ¼ 96.53%).
20% TrCMP–TiO2: TrCMP (30 mg), TiO2 (120 mg)
to get 20% TrCMP–TiO2 (147.7 mg, Y ¼ 98.46%).

Photodegradation performance of TrCMP

For the adsorption test of TrCMP towards MB, aqueous solution
of the MB dyes (5.4 � 10�5 mol L�1, 35 mL), TEOA (4 mL), and
TrCMP (10 mg) were placed in a beaker, and the sample was
named “MB”. Then, the solution was stirred in the dark, and
individual samples were collected at 30 min intervals. Aer the
solid TrCMP was removed by centrifugation, concentrations of
the residue MB solutions (named “0.5 h, 1 h and 1.5 h”,
respectively) were tested by UV-vis absorption measurement. In
addition, the same method was used to study the photo-
degradation performance of TrCMP towards MB. Before irra-
diation, the suspension was stirred under dark for 1 hour to
reach adsorption–desorption equilibrium (named “0 min”).
Then, the beaker was exposed to the visible irradiation
This journal is © The Royal Society of Chemistry 2018
produced by a 300 W Xe lamp with a cut-off lter (l > 420 nm).
During the illumination, about 4 mL of aliquot was sampled at
the interval of 10min over 60min, and the solid was removed by
centrifugation. The concentrations of the residue MB solutions
(named “10 min, 20 min, 30 min, 40 min, 50 min and 60 min”,
respectively) were tested by the UV-vis absorption
measurement.

Photodegradation performance of TrCMP–TiO2

The photodegradation test method of TrCMP–TiO2 composites
was similar to that of TrCMP. MB solution (2.7 � 10�5 mol L�1,
35 mL), TEOA (4 mL) and photocatalysts (TiO2, 3% TrCMP–
TiO2, 5% TrCMP–TiO2, 10% TrCMP–TiO2, 20% TrCMP–TiO2,
26.25 mg) were used in the measurement.

Results and discussion

As shown in Scheme 1, the triazine-containing CMP (TrCMP)
was synthesized by Suzuki–Miyaura polycondensation reaction.
Then, TrCMP and TiO2 with different feed ratios were
mechanically mixed in dispersion solutions, followed by
a hydrothermal process, giving rise to a series of robust TrCMP–
TiO2 composites. Both TrCMP and the composite materials are
insoluble in all solvents tested including water, methanol,
dichloromethane, toluene, tetrahydrofuran, chloroform, DMF.

As we can see from the FT-IR spectra of triazine monomer Tr-
M and polymer TrCMP (Fig. S1a, see ESI†), both of them exhibit
strong stretching vibration peaks of triazine ring at 1512 and
1423 cm�1. For the TrCMP–TiO2 composites (Fig. S1b†), the
intensity of triazine stretching vibration peak gradually
increases with the increment of the proportion of TrCMP,
indicating that the success of hydrothermal reaction. Thermal
stability of the materials was evaluated by thermogravimetric
analysis under a nitrogen atmosphere as shown in Fig. S2.† It
can be clearly observed that TrCMP starts to decompose at
around 450 �C, while TiO2 is fairly stable until 800 �C. The
remaining weight percentages of the composite materials at
800 �C correspond well with their individual components,
corroborating the formation of the composite materials.

Scanning electron microscopy (SEM) images of the above
materials are shown in Fig. S3.† While TiO2 exhibits
a morphology of dispersed particles (Fig. S3a†), TrCMP shows
rod-shaped morphology with spherical particles on the surface
(Fig. S3b†). Compared with pure TrCMP, TrCMP–TiO2
RSC Adv., 2018, 8, 34560–34565 | 34561
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Fig. 1 Nitrogen adsorption/desorption isotherms of thematerials at 77
K (the adsorption branch is labeled with filled symbols and desorption
branch is labeled with open symbols). For clarity, the curves of 20%
TrCMP–TiO2, 10% TrCMP–TiO2, 5% TrCMP–TiO2, 3% TrCMP–TiO2,
and TiO2 are shifted vertically by 100, 200, 300, 400, 500 cm3 g�1,
respectively.

Fig. 2 (a) Time-dependent UV-vis absorption spectra of MB in
aqueous solution with the presence of TrCMP under dark, (b) time-
dependent UV-vis absorption spectra of MB in aqueous solution with
the presence of TrCMP under visible light (l > 420 nm) irradiation.
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composite materials show much denser particles on the
surface, indicating the successful complex of TiO2 and TrCMP.
High Resolution Transmission Electron Microscopy (HRTEM)
images of 10% TrCMP–TiO2 were measured as the example to
investigate the interface between TiO2 and the CMP. As shown
in Fig. S4,† TrCMP is distributed on the TiO2 surface and no
obvious lattice fringe can be observed, revealing the tight
contact between TiO2 and TrCMP and the formation of
heterojunction.

Porous properties of the materials were evaluated by
nitrogen adsorption/desorption measurements at 77 K and the
adsorption isotherms are shown in Fig. 1. TrCMP exhibits
typical type I nitrogen sorption isotherms, indicating that there
are a large number of micropores in the polymer. BET surface
areas of TiO2, 3% TrCMP–TiO2, 5% TrCMP–TiO2, 10% TrCMP–
TiO2, 20% TrCMP–TiO2 and TrCMP are calculated to be 45, 49,
50, 75, 126 and 423 m2 g�1, respectively. Obviously, with the
increase of TrCMP content, BET surface areas of the composite
materials increase accordingly. UV-vis absorption spectra of the
materials are shown in Fig. S5† and it is found that maximum
absorption wavelengths of the composite materials gradually
red-shi with the increase of TrCMP proportion, indicative of
broader light absorption, especially in the visible light range.

As a photon-active conjugated polymer network with abun-
dant porous structure, TrCMP is supposed to be an ideal
candidate for adsorption and photodegradation of organic
pollutant in aqueous solution. Herein, methylene blue (MB) was
used as the model organic dye to test adsorption capacity and
photocatalytic activity of TrCMP and the adsorption process was
monitored by the absorbance variation of MB at 664 nm.
Control experiment reveals that when the aqueous solution of
MB without any photocatalyst was irradiated under visible light
for 1 h, the self-photodegradation of MB was negligible. As
shown in Fig. 2a, the absorption intensity of MB exhibits
a signicant decrease aer stirred with TrCMP for 0.5 h, and the
intensity has no obvious change when it comes to 1 h and 1.5 h,
which means that it only needs 0.5 h for TrCMP to get the
adsorption–desorption equilibrium. The adsorption amount
34562 | RSC Adv., 2018, 8, 34560–34565
(Q) of TrCMP is calculated to be 50.87 mg g�1 at a very dilute
solution of MB (5.4 � 10�5 mol L�1), indicating TrCMP has
good capacity for MB adsorption even at low concentration.
Then, photocatalytic activity of TrCMP towards the degradation
of MB was measured aer the adsorption–desorption equilib-
rium was reached and the results are shown in Fig. 2b. Under
the irradiation of visible light (l > 420 nm), absorbance intensity
of MB further decreases and it takes TrCMP only 20 minutes to
degrade 92.5% of MB, demonstrating efficient photocatalytic
activity of TrCMP under visible light.

Adsorption and photodegradation properties of the TrCMP–
TiO2 composites towards MB under visible light irradiation
were also measured and the results are shown in Fig. 3. Pure
TiO2 shows moderate photodegradation towards MB and along
the increase of TrCMP content, the composite materials exhibit
much better photodegradation performances. According to the
absorbance decay spectra of MB (Fig. 2b and 3a–e), adsorption
and photodegradation kinetics curves of TiO2, TrCMP and the
composite materials are shown in Fig. 3f. As illustrated in Table
1, the adsorption amounts (Q) of TiO2, 3% TrCMP–TiO2, 5%
TrCMP–TiO2, 10% TrCMP–TiO2, and 20% TrCMP–TiO2 are
calculated to be 2.83, 4.02, 4.21, 6.99 and 9.61 mg g�1 respec-
tively, which are in direct proportion to the specic surface
areas of the materials. Furthermore, it reveals that all of the
photodegradation progresses approximately follow rst-order
dynamic models (Fig. 4). According to the slopes of the
curves, photodegradation rates (K) of TiO2, 3% TrCMP–TiO2, 5%
TrCMP–TiO2, 10% TrCMP–TiO2, 20% TrCMP–TiO2 and TrCMP
are calculated to be �0.0056, �0.0047, �0.0173, �0.0359,
�0.0259 and 0.0219 min�1 respectively (Table 1). Interestingly,
10% TrCMP–TiO2 shows the highest photocatalytic activity
towards MB, much higher than either TiO2 or TrCMP used
separately.

As discussed in previous literatures,29,31 superoxide radical
($O2

�) and photogenerated hole (h+) are possible reactive
species in photodegradation of dye molecules. To gure out the
mechanism of MB degradation, a series of control experiments
with different scavengers using 10% TrCMP–TiO2 as the pho-
tocatalyst were conducted. Benzoquinone (BQ, the $O2

� scav-
enger, 1 � 10�3 mol L�1), and NaHCO3 (the h+ scavenger, 2 �
10�3 mol L�1) were separately added to the photodegradation
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Photodegradation reaction kinetics with visible light (l > 420
nm) irradiation in presence of various photocatalysts.

Fig. 5 Photodegradation kinetics of MB on 10% TrCMP–TiO2 under
visible light (l > 420 nm) with different scavengers (1 � 10�3 mol L�1

benzoquinone and 2 � 10�3 mol L�1 NaHCO3).

Fig. 3 Time-dependent UV-vis absorption spectra of MB in aqueous
solution with the presence of (a) TiO2; (b) 3% TrCMP–TiO2; (c) 5%
TrCMP–TiO2; (d) 10% TrCMP–TiO2 and (e) 20% TrCMP–TiO2 under
visible light (l > 420 nm) irradiation; and (f) adsorption and photo-
degradation kinetics curves of various photocatalysts towards MB
under visible light (l > 420 nm) irradiation.
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system to verify the reaction mechanism. As illustrated in Fig. 5,
the absence of $O2

� or h+ both cause a signicant activity
decrease, indicating that $O2

� and h+ simultaneously partici-
pate in the degradation process of MB. In addition, the degra-
dation of MB is more obviously depressed by the BQ, revealing
that $O2

� is likely to be the primary active species in the
degradation process, which is consistent with previous
reports.26,32

The introduction of TrCMP onto TiO2 broadens its visible
light absorption and more protons can be absorbed to form
electron–hole pairs. The formed heterojunction between TrCMP
and TiO2 can accelerate the e�/h+ separation and inhibit the
recombination of the photogenerated electron–hole pairs; as
Table 1 Adsorption amount and photodegradation rate of various phot

Photocatalyst SBET (m2 g�1)

TiO2 45.1
3% TrCMP–TiO2 48.5
5% TrCMP–TiO2 50.0
10% TrCMP–TiO2 74.7
20% TrCMP–TiO2 125.5
TrCMP 423.0

This journal is © The Royal Society of Chemistry 2018
a result, more holes can play a role in the photodegradation of
MB. Simultaneously, more photogenerated electrons can react
with O2 to formmore $O2

� radicals. To sum up, broadened light
absorption, enhanced photogenerated charge separation and
radical generation signicantly improve the photodegradation
performance of the composite materials. However, when the
amount of TrCMP exceeds the optimal value, it might start to
aggregate, resulting in the decrease of photodegradation
rate.33,34
ocatalysts in the degradation of MB

Adsorption amount
(Q) (mg g�1)

Photodegradation
rate (K) (min�1)

2.83 �0.0056
4.02 �0.0047
4.21 �0.0173
6.99 �0.0359
9.61 �0.0259

50.87 �0.0219

RSC Adv., 2018, 8, 34560–34565 | 34563
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Fig. 6 Cycling runs for the photodegradation of MB with 10% TrCMP–
TiO2 (a) the first photodegradation test; (b) cycle 1; (c) cycle 2; and (d)
cycle 3.
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What should be mentioned is that the photodegradation
not only happens to the MB molecules in the aqueous solu-
tion, but also the MB molecules that are conned in the pores
of the photocatalysts. When the concentration of MB in
aqueous solution decreases because of the degradation, the
MBmolecules conned by the pores will diffuse to the solution
to be further photodegraded. To verify this, 10% TrCMP–TiO2

was collected from the photodegradation system aer irradi-
ation for 60 min under visible light and redispersed in extra
4 mL of water. UV-vis absorption measurement of the disper-
sion eluent shows there is no residual MB le inside pores of
10% TrCMP–TiO2 (Fig. S6†), illustrating excellent regeneration
property of the photocatalyst. Additionally, cycling experi-
ments were carried out to evaluate the stability and reusability
of the TrCMP–TiO2 composites. As shown in Fig. 6 and Table
S1,† in the rst run, 10% TrCMP–TiO2 shows a photo-
degradation rate of 0.0359 min�1 and can remove 96% of MB
in 60 min. Aer three cycle tests, 10% TrCMP–TiO2 still
exhibits a high photodegradation rate of 0.0317 min�1 and
removal ratio of 92%. This shows that the composite material
of 10% TrCMP–TiO2 can be used as an efficient heterogeneous
photocatalyst with excellent cycle performance to degrade MB
in aqueous solution.
Conclusions

In summary, a triazine-containing CMP (TrCMP) was
prepared via Suzuki coupling reaction. TrCMP shows
reasonable adsorption capacity and high photocatalysis
activity for the photodegradation of methylene blue (MB) in
aqueous solution. TrCMP–TiO2 composites with different
TrCMP proportions were prepared with hydrothermal
method. These composite materials exhibit variable photo-
degradation rate according to the content of TrCMP. Among
them, 10% TrCMP–TiO2 shows the highest photodegradation
rate of 0.0359 min�1 and can remove 96% of MB in 60 min in
a dilute aqueous solution under visible light irradiation.
These values are comparable to some of the newly developed
photocatalysts.27,34 Meanwhile, the photocatalytic perfor-
mance of 10% TrCMP–TiO2 shows no obvious decrease aer 3
34564 | RSC Adv., 2018, 8, 34560–34565
cycle tests. The use of conjugated microporous polymers and
their composite materials as both adsorbents and photo-
catalysts for the removal of organic dyes in water provides
a valuable insight towards wastewater treatment.
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