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ABSTRACT

In this work, hexagonal mesoporous silica/g-CsN, (HMS/C3N,) was synthesized by heating
a mixture of self-prepared HMS and dicyandiamide. The as-prepared materials were charac-
terized by transmission electron microscopy (TEM), X-ray diffractometer (XRD), Fourier
transform infrared spectra (FT-IR) and Brunauer-Emmett-Teller analysis (BET). The pre-
pared photocatalysts were applied to decompose bisphenol A (BPA) under UV light illumi-
nation. The mass ratios of HMS to melamine were optimized. The results showed that
optimal mass ratios HMS to dicyandiamide was 1:1. Even though with the same catalyst
dosage (1.0g/L), the degradation kinetic rate constant of BPA over HMS/C;Ny
(0.00526 min~') was 1.76 times and 1.4 times than those on P25 (0.00298 min~') and pure
C3N, (0.00383 min™ '), while the rate constant of photolysis was only 0.00021 min~!. The
enhanced photocatalytic activity of the HMS/C3N,4 composite was ascribed to higher speci-
fic surface area and less aggregation compared to the pure C3Ny. It is feasible and efficient
to degrade BPA by HMS/C3N, composite, which is easier to be separated than pure C3N,
after the pollutant has been removed completely.
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1. Introduction energy shortage and environmental pollution issues.
Polymeric graphitic carbon nitride (g-C3Ny) is a novel
emerging metal-free semiconductor with good physic-
ochemical stability, non-toxicity and appropriate med-
ium band gap (2.7 eV) [1-4]. In addition, g-C3N, is

Semiconductor-based photocatalysis is considered
to be an attractive way to challenge the worldwide
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abundant and easily prepared via one-step polymer-
ization from cheap chemicals like cyanamide [5],
dicyandiamide [6], melamine [7], thiourea [8] and urea
[9]. The C3N4 photocatalyst has extensively been stud-
ied in energy and environmental fields [10]. However,
the prepared g-C3N, usually has low specific surface
area resulting in relative low photocatalytic activity. In
order to solve this drawback, many researchers have
prepared the porous C3N4 materials with a hard tem-
plate method [11]. However, the method is compli-
cated, requiring plenty of detrimental HF or NH,HF
to remove the hard template (5iO,) [5,12]. There are
also several works reporting that carbon nitrides with
meso- Or nano-porosity structure were synthesized by
using a urea precursor [9,13]. But all in all, the pure g-
Cs;Ny and porous C3;N; nanopowders are not easy to
be separated and recycled after the photocatalytic
experiment finishes. Mesoporous silicas have been
commonly utilized as photocatalyst supporters to sim-
plify the separation of the photocatalyst due to their
high surface area and good sedimentation ability
[14,15]. Moreover, it can enhance the photocatalytic
activity of photocatalysts [16].

In this study, we propose a simple method to
anchor g-C3N, to self-made hexagonal mesoporous
silica (HMS) to form hybrid material (denoted as
HMS/C3Ny) by heating a mixture of self-prepared
HMS and dicyandiamide without eliminating the
HMS with HF. The crystal phase structure, morphol-
ogy, surface area and pore structure of the prepared
HMS/g-C3N, were studied in detail. The photocat-
alytic activity of HMS/g-C3N, was evaluated by
degrading the bisphenol A, which is a representative
emerging endocrine disruptor chemical.

2. Experiments and methods
2.1. Materials

Tetraethoxysilance (TEOS, 99%) and dodecylamine
(DDA) were purchased from Alfa Aesar Inc. Bisphenol
A (BPA, purity 99%) was bought from Aldrich, Inc. HCI
(35-37 wt%) was bought from Chengdu Kelong Chemi-
cal Reagent Factory, China. HPLC-grade acetonitrile
was obtained from Merck Co., Ltd. All the reagents
were analytical grade and were used as received. Ultra-
pure water (18.2 MQ) used throughout the experiments
was obtained from the laboratory purification system.

2.2. Synthesis of HMS/C3N, composites

Hexagonal mesoporous silica (HMS) was prepared
according to the method reported by Kuwahara et al.
[17]. DDA (7.05 g) and 10% HCI solution (2.5 mL) were
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dissolved in deionized water (92 mL) under vigorous
stirring for 1 h, and then the TEOS (29.3 g) dissolved in
ethanol (53.7 mL) was slowly added to the mixture. The
suspension was aged at room temperature for 24 h
under stirring. The obtained precipitate was filtered,
washed repeatedly with deionized water until neutral,
and dried in air at 383 K overnight in vacuum. Then the
as-synthesized sample was calcined at 823 K for 5 h to
remove the DDA to form the hexagonal mesoporous sil-
ica (HMS). HMS/C3N,4 composites were synthesized by
simple mixing-calcination process of self-prepared
HMS and dicyandiamide based on Hao Zhang’s works
with minor modification [14]. The heating rate was
2.3°C/min under 10 mL/min N, from room tempera-
ture to 550°C and remained at 550°C for 4 h. The HMS/
C3Ny composites with different mass ratios of HMS to
C3Ny were prepared by adjusting the mass ratio of
HMS to dicyandiamide (5:7, 5:5, 5:4, 5:3, 5:2, and 5:1)
and were denoted as HMS/7C3N,, HMS/5C;N,, HMS/
4C3N4, HMS/3C3N4, HMS/2C3N4, and HMS/C3N4,
respectively. Pure g-C3N4 powders were obtained by
direct calcination of dicyandiamide at 550°C for 4 h in
muffle furnace.

2.3. Characterization of HMS/C3Ny composite

TEM samples were prepared by dispersing the
powders in ethanol and depositing onto carbon-coated
copper grids and morphology were observed on JEM-
2100 transmission electron microscope (JEOL, Tokyo,
Japan) with an acceleration voltage of 200 kV. X-ray
diffraction patterns of HMS/C3;N, composites were
obtained on a TTRIII X-ray diffractometer (Rigaku
Corporation, Japan) with Cu Ko radiation in the 26
range from 20° to 80° with scanning ratio of 10°/min
and a step size of 0.02°/s, the accelerating voltage and
the applied current were 40 kV and 250 mA, respec-
tively. Fourier Transform Infrared spectra (FTIR) were
conducted on a Nicolet iS10 FT-IR Spectrometer
(Thermo Scientific, Germany) using KBr pellet tech-
nique over the wave number range of 4,000-400 cm™"
with a resolution of 2 cm™". Nitrogen (N,) adsorption—
desorption measurement at 77 K was conducted using
TriStar II 3020 (Micromeritics Inc., USA). The surface
area of samples was obtained using the Brunauer-
Emmett-Teller (BET) plot of N, adsorption isotherm.
The average pore volumes were calculated by using
Barrett-Joyner-Halenda (BJH) method with the
adsorption branch of the N, isotherm.

2.4. Photocatalytic degradation experiments

Batch experiments were carried out in XPA-7 pho-
tochemical Reactor (Xujiang electro-mechanical plant,
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Nangjing, China) to investigate photocatalytic perfor-
mance for BPA. The ultraviolent light was provided
by a 20 W UV lamp (4 = 254 nm). The reaction system
was cooled by circulating water and maintained at
room temperature. Typically, 0.0500 g of the prepared
HMS/C;N4 was added into 50.00 mL of BPA aqueous
solution (5 mg/L). Before illumination, the suspen-
sions were stirred in dark for 30 min to reach the
adsorption/desorption equilibrium on the photocata-
lyst surface, and the concentration of the BPA was
detected as the initial concentration Cy. Then light illu-
mination started and quartz tube containing 50.00 mL
of BPA was taken out at scheduled time intervals and
its concentration was determined as C;. The suspen-
sion was immediately filtered through a 0.45 pm glass
fiber filter to remove the catalyst particles and sub-
jected to subsequent HPLC analysis. HPLC analysis
conditions were selected according to our previous
report [18].

In order to investigate the BPA degradation pro-
cess over the prepared HMS/C3;N, hybrid materials,
the experimental data were fitted by pseudo-first-
order model. Its equation can be written in a linear
form shown in Eq. (1):
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where C, is the initial concentration, C; is the concen-
tration of BPA after time (f), the slope of the fitted line
of In(C;/Cy) vs. reaction time was the rate constant (k).

3. Results and discussions
3.1. Characterization of HMS/C3Ny composites
3.1.1. Morphology

To observe the morphology of the as-synthesized
composites and identify material composition of
hybrid materials, the morphologies of g-C3N,, HMS
and HMS/C3;N, materials were observed with TEM
and shown in Fig. 1. Pure g-C3N, displays a large par-
ticles shape with layered structure with numerous
stacking layers, and its edge area consists of several
sheets, which exhibit a relatively dark brightness
(Fig. 1(a)), which was similar to the result reported by
Xu et al. [19]. The prepared HMS particles are 50 nm
(Fig. 1(b)). When the mixture of HMS and

Fig. 1. TEM images of pure-C;Ny (a), HMS (b) and HMS/C3Ny (¢).
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Fig. 2. XRD patterns of HMS, HMS/C3N,, and pure-CzNy
(a) low-angle XRD patterns of HMS and HMS/C3N, (b).

dicyandiamide was heated to form HMS/C3N,, the
HMS particles were partly covered by the C3N4 from
the TEM of HMS/C3N, (Fig. 1(c)).

3.1.2. Crystal phase structure

In order to investigate the crystal phase composi-
tion of prepared materials, the XRD patterns of as-
made pure C;Ny, HMS and HMS/C;N, were recorded
and shown in Fig. 2(a). HMS had a weak and wide
peak at approximately 23° because of its amorphous
structure. The XRD pattern of g-C3N4 showed a clear
peak at 27.4° corresponding to the (0 0 2) interlayer of
g-C5Ny [20], and there was another small peak at 13°
agreed well with the (100) crystal plane [21]. The
XRD pattern of HMS/C3;N, showed that there were
two peaks at 23° and 27.4° corresponding to the
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(002) interlayer of g-CsN, and HMS. In order to
investigate the pore structure, small-angle X-ray
diffraction patterns of HMS and HMS/C3;N,4 were pre-
sented in Fig. 2(b). From Fig. 2(b), we can see that
both HMS and HMS/C3N, samples contain a single
low-angle diffraction peak at about 20 = 2° ascribed to
the (100) crystallographic plane of the hexagonal
pore structure [22]. And this result represents a char-
acteristic of the mesoporous structure. However, the
intensity of the peak of HMS/C3N, decreases sharply
compared to that of HMS, suggesting that the meso-
porous structures of HMS/C;N, become less uniform
because of the introduction of the C3Ny into HMS.

3.1.3. Fourier transform infrared spectra analysis

Fig. 3 displays the FT-IR spectra of HMS, C5N4,
HMS/C3N, and HMS/7C3N, materials. It shows that
the broad absorption peak of the HMS near 3,440 cm™"
is assigned to the stretching vibration of O-H hydro-
xyl groups. Si-O-Si vibrational mode appears near
870 cm™' and 1,075 cm™'. Absorption bands ranging
from 1,240 to 1,639 cm™! are present in C3N4, HMS/
C3Ny and HMS/7C3Ns. The peaks at 1,639 and
1,240 cm ! were attributable to C=N and C-N stretch-
ing vibration modes, revealing that existence of C3Ny
in HMS/C3N,4 materials [23]. The absorption peak at
810 cm™! belongs to the characteristic breathing mode
of s-triazine [24]. Based on that, we can deduce that
as-synthesized hybrids consist of two components
HMS and C3N4.
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Fig. 3. FT-IR spectra of HMS, C;N4, HMS/C3N, and
HMS/7C3Ny.
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Fig. 4. (a) N, adsorption-desorption isotherms and (b) BJH
pore size distribution of HMS, HMS/C;N, and pure-C3Ny.
Open and solid symbols represent desorption and
adsorption branches, respectively.

3.1.4. BET analysis

To determine the surface area and pore structure
of HMS, HMS/C3N,4 and C3Ny and clarify the effect of
pore structure on the photocatalytic performance, the
N, adsorption—desorption isotherm and pore size
distribution in the mesopore range corresponding to
HMS, HMS/C3Ny, and C3N, materials are depicted in
Fig. 4. The isotherms of HMS, HMS/C3;N, and
C3N, materials are identified as classical type IV by
IUPAC, which is characteristic of mesporous structure
(2-50 nm, Fig. 4(a)). The pore distributions of the
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Fig. 5. Photocatalytic decomposition time courses of BPA
(initial concentration 5 mg/L) on HMS/7C;N4, HMS/
5C3N4, HMS/4C3N,, HMS/3C3N4, HMS/2C3N,, and
HMS/C3N4 composites (catalyst dosage 1.0 g/L) (a) and
the corresponding first-order plots (b).

HMS, HMS/C3Ny, and C3Ny are given in Fig. 4(b).
The range of pore sizes is 2.5-3.5 nm, the maximum
pore sizes are about 2.84, 2.7, and 2.5 nm, respectively.
The Brunauer-Emmett-Teller (BET) surface area and
total pore volume of HMS, HMS/C3N,, and C3Ny4
were listed in Table 1. The HMS and HMS/C3N,
materials had higher BET surface areas of 710.5 and
202.9 m?/ g, respectively, which were much higher
than that of C3Ny (7.1 m?/ g).

3.2. Photocatalytic performance

To investigate the effect of amount of HMS in
HMS/C3N, hybrid materials on the photocatalytic
degradation of BPA and optimize mass ratio of HMS
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Table 1
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BET surface area and pore parameters of HMS, HMS/C;N4 and pure-C3Ny

Materials

BET surface area (m”/g)

Total pore volume (cm®/g)

HMS 710.5
HMS/C3N, 202.9
Pure g-C3Ny 7.1

1.4637
0.5943
0.0368
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Fig. 6. Direct photolysis (20 W UV light, main wavelength
254 nm) and photocatalytic decomposition time courses of
BPA (initial concentration 5mg/L) on pure-C;N, and
HMS/5C3N,; composites (a) and the corresponding
first-order plots (b).

to dicyandiamide in the preparation process, the pho-
tocatalytic degradation of BPA over a series of HMS/
C3;N4 was examined. The experimental condition was
1.0 g/L photocatalyst, 5 mg/L BPA solution and the
pH value of BPA solution was 7.0. The photocatalytic
decomposition time course of BPA over HMS/C3Ny,
HMS/2C3Ny, HMS/3C3Ny, HMS/4C3Ny, HMS/5C3Ny,

and HMS/7C3;N,; materials and the corresponding
first-order plots were shown in Fig. 5. We can see
from Fig. 5(a) that the adsorption removal ratios of
BPA on the HMS/C3N4, HMS/2C3N4, HMS/3C3N4,
HMS/4C3N,, HMS/5C3N,, and HMS/7C3N, were
lower than 3.0% because C3N, and HMS have no
adsorption ability for hydrophobic BPA in water.
After light illumination, photocatalytic degradation
removal ratios of BPA on HMS/C3N,;, HMS/2C3Ny,
HMS/3C3N,, HMS/4C3N,, HMS/5C3N,, and HMS/
7C3N, were 18.60, 37.60, 46.80, 34.20, 61.0, and 40.70%,
respectively. The pseudo-first-order degradation
kinetic constants for BPA over the HMS/Cs;N,, HMS/
2C3N4, HMS/3C3N4, HMS/4C3N4, HMS/5C3N4, and
HMS/7C3N,  were 0.00120 min, 0.00251, 0.00335,
0.00218, 0.00526, and 0.00278 min?, respectively
(Fig. 5(b)). The rate constant increased from 0.00120 to
0.00526 min~' with the increasing of dicyandiamide to
HMS from 1:5 to 5:5. Further increasing the mass ratio
of dicyandiamide to HMS from 5:5 to 7:5 in prepara-
tion process, the degradation rate constants decreased
from 0.00526 to 0.00278 min'. The main reason maybe
that increasing dicyandiamide may produce gradually
more C3;Ng4 the elevating C3;N, with photocatalytic
activity can decompose BPA rapidly. However, excess
dicyandiamide amount maybe produce excess C3Ny in
HMS/C3N, materials, which resulted in agglomera-
tion phenomenon of C3N,. Hence the optimal mass
ratio of dicyandiamide to HMS was 5:5 in the prepara-
tion process of the HMS/C3;N, materials.

In order to confirm the role of HMS in HMS/C3Ny,
the photocatalytic degradation of BPA over HMS/
5C3Ny, pure C3Ny and P25 (commercial standard pho-
tocatalyst) and photolysis of BPA were carried out.
The degradation conditions were 5 mg/L BPA initial
concentration, 1.0 g/L photocatalysts and the solution
pH 7.0. Fig. 6 illustrated that photocatalytic decompo-
sition time courses of BPA over these materials and
the corresponding first-order plots. Even with the
same catalyst dosage (1.0 g/L), the pseudo-first-order
degradation kinetic constants of BPA over HMS/
5C3Ny, P25, and pure C3N4 were 0.00526, 0.00298, and
0.00383 min™', respectively. While the rate constant of
photolysis was only 0.00021 min~'. The degradation
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rate constant of BPA over HMS/5C;3N, was 1.76 times
and 1.4 times than those on P25 and pure C3Ny,
respectively. The experiment results indicated that the
HMS in HMS/C3Ny hydrid materials can improve the
photocatalytic activity of C3Ny, the main reason maybe
that C3N4 in HMS/C3Ny had higher surface area com-
pared to pure C3Ny resulting in higher photocatalytic
performace. In addition, as we know, it is difficult to
separate and recycle the pure C3N, particles after the
pollutant has been removed completely. However, as
for the prepared HMS/C3N,, the mesoporous silica in
the HMS/C3N,4 has good sedimentation ability, so it
can be separated by filtration or centrifugation.

4. Conclusions

In summary, graphitic carbon nitride (g-C3Ny) as a
rising photocatalyst was first immobilized on HMS by
simply heating a mixture of self-prepared HMS and
dicyandiamide. The crystal phase structure, morphol-
ogy, surface area, and pore structure of the prepared
HMS/g-C3N4 was studied. The optimal mass ratio of
dicyandiamide to HMS was 5:5 in the preparation
process of the HMS/C3;N, materials. The prepared
HMS/g-C3Ny materials were applied to remove the
BPA, which is a representative endocrine chemical.
The results indicated that the introduction of HMS
with high surface area and good sedimentation ability
to C3N4 can improve the photocatalytic activity and
separation ability of CzN,. It is an efficient way to
deposit the catalyst on the HMS supporter for the
removal of pollutants in real water treatment.
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