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Abstract. Mesoporous carbon nitride (mpg-CsN,) with tunable microstructure has been
successfully prepared through a simple polymerization reaction of cyanamide by a nano hard-
templating approach. The obtained materials have been characterized using X-ray diffraction
(XRD), N, adsorption, and Fourier transform infrared (FT-IR) spectroscopy. The results show
that the pore diameter of the mpg-CsN4 materials can be easily tuned from 3.8 to 10.5 nm. The
mpg-CsN4 materials are demonstrated to exhibit much higher visible light photocatalytic
activity than that of g-C3N, for the degradation of agueous methyl red (MR). The high surface
areas and large pore volume contributed to the efficient visible light photocatalytic activity.

1. Introduction

Dyes are considered as unpleasant and dangerous organic compounds for the environment. As
reported by the Color Index (C.I.) which is managed by the Society of Dyers and Colorists (SDC) and
the American Association of Textile Chemists and Colorists (AATCC), more than 100,000 different
types of dyes are presently synthesized and are commercially available [1]. Although the exact amount
of the worldwide dye production is not known, an annual production of over 700,000 tones has often
been estimated [2]. Recent studies indicate that approximately 12% of the synthetic dyes are lost
during the manufacturing and processing operations, about 20% of which enters the industrial
wastewaters [3]. Dye-contaminated wastewater released to the environment causes numerous
problems such as high chemical oxygen demand (COD), increase in toxicity [4] and a decrease in
biodegradability [5, 6].

Azo dyes are the largest group of dyes used in industry. The term azo dye is applied to synthetic
organic colorants that are characterized by a nitrogen-to-nitrogen double bond: -N=N- [7]. It is well
known that methyl red (MR) dye has been used in paper printing and textile dyeing [8, 9] and it causes
irritation of the eye, skin and digestive tract if inhaled/swallowed [10]. Methyl red (MR) with
molecular formula CisH;sN3O, bearing an azo group is considered as carcinogenic. Student safety
sheets for dyes and indicators classify MR as a harmful and irritating dye [11]. Therefore, once the
water is contaminated with MR it is very difficult to remove it with traditional methods because some
dyes are stable to light.

Thus, it is a great concern to remove MR from wastewater in an efficient and cost-effective way
before its release to the environment. Many processes, such as incineration, biological treatment [12],
ozonation, and solid phase adsorption, have extensively been used for the treatment of dye-bearing
wastewater. However, these processes have their own limitations. The incineration can generate toxic
volatile compounds; the biological treatment requires long time and, in many cases, leads to foul odor.
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Moreover, in many cases, the process becomes unsuitable due to the resistance of the dye to biological
degradation. Ozonation deals with ozone instability, and solid-phase adsorption results in toxic sludge.

Recently, photocatalytic degradation of organic pollutants by using nano-structured semiconductors
[13, 14] offers great potential for the complete elimination of toxic chemicals. The g-CsN4 is an
organic semiconductor [15] with medium bandgap of around 2.7 eV and is able to absorb visible light
with bandgap absorption of 420-470 nm [16]. It has recently been reported to exhibit a good
photocatalytic activity for hydrogen production [17] and organic degradation under visible light
irradiation [18, 19]. However, C3N,4 synthesized by self condensation of organic precursors is bulk
material with a big sheet of lamellar structure and a very small surface area, normally below 10 m?g™
[19]. This fact makes it difficult to homogenously wrap around the photocatalysts and cannot provide
more possible reaction sites for the catalytic reaction due to its small surface area [19, 20].

Compared to nonporous materials [21], mesoporous g-C3Ns (mpg-CsN,) feathers unique
semiconductor properties along with an open crystalline pore wall and a large surface area facilitating
mass transfer. The structure can in principle enhance the light harvesting ability and the reactant
adsorption capability of the material due to its large surface and multiple scattering effects [19, 22].

In this study, mpg-CsN, was synthesized by a hard-templating method using silica nanoparticles as
the templates. The influences on the microstructure with different template/precursor ratios were
studied. Metyl red (MR) was chosen as model pollutants in aqueous phase, and the polymeric catalysts
were applied as metal-free photocatalysts under visible light illumination for MR degradation.

2. Experimental

2.1. Material

Cyanamide (CN-NH,) was purchased from Rugao City Zhongru Chemical Co., Ltd, P. R. China. 40%
dispersion of SiO, particles (particle diameter about 10 nm) was supplied by Beijing BOYU GOKE
New Material Technology Co., Ltd, PR China. All other reagents used in this research were
analytically pure and used without further purification.

2.2. Synthesis of mpg-CsN,4

The mpg-CsN, was synthesized with the hard template method as previously reported [14]. An amount
of 4.5 g molten cyanamide was added dropwise in 22.5 g of a 40% dispersion of SiO, nanoparticles,
which were used as a hard template. The mixture was heated at 90°C with stirring to evaporate water.
The resultant white powder was then heated at a rate of 2.3°C min™ over 4 h to reach a temperature of
550°C, and then tempered at this temperature for an additional 4 h. The brown-yellow product was
treated with ammonium bifluoride (NH;HF,, 4 M) for 48 h to remove the silica template. The powders
were then centrifuged and washed with distilled water for four times and with ethanol twice. Finally
the mpg-CsN, was dried at 70°C under vacuum for overnight, and defined as mpg-CsN,-0.5. A series
of mpg-C3;N, photocatalysts with the different mass ratios of silica template to cyanamide were
prepared by this method, which denoted as mpg-CsN4-r (r = 0.5, 1.5, 2.5). The bulk g-CsN,; was
synthesized by directly heating 9 g of cyanamide at a rate of 2.3°C min™ over 4 h to reach a
temperature of 550°C, and then tempered at this temperature for an additional 4 h.

2.3. Characterization

X-ray diffraction (XRD) patterns of the powders were recorded at room temperature by a Shimadzu
XRD-6100. Fourier transform infrared (FTIR) spectra were carried out using a Bruker spectrometer in
the frequency range of 2000-600 cm™ with a resolution of 4 cm™. The Brunauer-Emmett-Teller (BET)
surface area was measured by Quantachrome Autosorb-iQ. The nitrogen adsorption and desorption
isotherms were measured at 77 K after degassing the samples.
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2.4. Photodegradation experiment

The photocatalytic activities were evaluated by the decomposition of Metyl red (MR) under visible
light irradiation (>420 nm). Visible irradiation was obtained from a 500 W xenon lamp (Xujiang
Electromechanical Plant, Nanjing, China) with a 420 nm cutoff filter. A certain amount of
photocatalyst (25 mg) was totally dispersed in an aqueous solution of MR (50 mL, 0.01 mM). Before
irradiation, the suspensions were magnetically stirred in the dark for 60 min to get absorption-
desorption equilibrium between the photocatalyst and MR. At certain time intervals, 3 mL aliquots
were sampled and centrifuged to remove the particles. The concentration of the MR was analyzed by a
Hitachi U-3010 UV-vis spectrophotometer, and the original concentration of MR was defined as C,.
Before the absorbance measurements, the reaction solution was centrifuged for 10 min at 3000 r/min
to remove the catalyst.

3. Results and discussion
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Figure 1. XRD patterns of bulk g-C3N, and mpg-C3;N,4 samples.

Figure 1 shows the XRD pattern of the bulk g-C3sN4 and mpg-C3sN,4-r synthesized at the temperature
of 823 K. All of the samples had similar diffraction patterns as those seen in figure 1. A typical peak
of approximately 27.6° was indexed as (002) diffraction planes of CsN, (JCPDS Card No. 87-1526),
which indicates the graphite-like stacking of the conjugated aromatic units of CN with an interlayer
distance of 0.33 nm [20]. The small additional peak at around 13.2°, corresponding to interplanar
distance of 0.67 nm, was indexed as (001) diffraction planes, which was associated with interlayer
stacking [23]. Figure 1 also illustrates that the diffraction peak intensity weakens with increasing of r
value. The decrease of the diffraction peak intensity implies that the crystallinity of the samples had
been reduced.
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Figure 2. FTIR spectra of bulk g-CsN4 and mpg-CsN,4 samples.

The surface functional groups of the carbon nitride materials were characterized by FT-IR and are
shown in figure 2. The two bands at 1260 and 1610 cm™ can be ascribed to aromatic C-N stretching
bonds and aromatic ring modes, respectively. The weaker band at 3410 cm™ may be related to the
stretching mode of the NH groups in the aromatic ring. A shoulder at 1320 cm™ is assigned to an sp3
C—C bond or disordered sp2 graphitic domains, and bands below 900 cm™ are assigned to the graphitic
sp2 domains. These results suggest that the mesoporous carbon nitrides are mainly composed of
pyridine and benzene rings interconnected by nitrogen atoms [24].
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Figure 3. Nitrogen adsorption-desorption isotherms (a) and pore size distributions (b) of bulk g-CsNy4
and mpg-C3N4 samples.

The nitrogen adsorption-desorption measurements performed at (-196 "C) for all examined samples
(figure 3) demonstrated that textural characterizations of the used samples varied according to the
quantity of nanosilica template. The g-CsN, samples do not showed obviously hysteresis loop curves
in figure 3a. However, for the mpg- CsN4 samples, the nitrogen adsorption-desorption isotherm
followed the type IV according to the classification IUPAC, which is representative to the mesoporous
materials [25]. The pore size distributions (figure 3b) were calculated by BJH method depending on
the desorption branch. The pore diameter of mpg-CsN,4 centered about 10 nm, which was agreement
with the size of nanosilica template. The surface area of mesoporous samples is much higher than that
of bulk material. mpg-C3N,4-2.5 even presented a surface area as high as 267 m2/g. The surface area
and pore volume of mpg- C3N4 samples increase with the increasing amount of initial silica added, as
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summarized in table 1. However, when the amount of silica further increases, we cannot obtain
polymeric carbon nitride with an intact mesoporous structure.

Table 1. Physical properties of all bulk g-C3N4 and mpg-CsN4 samples.

Samples Sget(mM2/g) Pore Volume(cm3/g) Diameter(nm)
0-CsN,4 8.7 0.09 -
mpg-CsN;-0.5 147 0.42 9.50
mpg-CsN,-1.5 178 0.53 9.88
mpg-C3Ny-2.5 267 0.73 10.46
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Figure 4. Visible-light photocatalytic degradation of MR over bulk g-CsN, and mpg-CzN4 samples.

The photocatalytic degradation curves of MR as a function of reaction time are shown in figure 4a.
The results illustrate that mesoporous structure greatly influences the photocatalytic performance of g-
C3N, materials. Bulk g-C3N, shows a moderate photoreactivity toward the degradation of the
pollutants. Only 18.3% of MR was degraded in 120 min over bulk g-C3sN4 under visible light
irradiation, and 42.4% was degraded in 240 min, which is however much smaller than those of
mesoporous samples. mpg-C3N,4-0.5 exhibits the higher photocatalytic activity, degrading nearly 72%
of MR in 120 and 96% in 180 min, respectively. The catalytic activity of mpg-C3N4-1.6 and mpg-
C3N4-2.5 was even much higher. More than 98% MR was degradated in 2h. This enlarged surface area
of mpg- CsN4 not only facilitates the mass transfer of reaction species and the light harvesting by the
multiple scattering effect of nanopores, but also provides more catalytic active sites for photoredox
reaction. Thus, a better photocatalytic activity can be envisaged for mpg- CsN4 over bulk g-CsNs.

The initial dye concentration and reaction time were kept constant, while the pH was varied in
order to investigate the effect of pH on the removal efficiency of MR.The removal of MR under
different pH by g-C3N4, mpg-CsN;-0.5, mpg-C3N,-1.5 and mpg-C3Ng4-2.5 is presented in figure 4b.
mpg-CsN;-2.5 exhibited superior performance compared to the other samples in a pH of range 2.0-7.0.
The removal efficiency of all the flocculents was around 100% at a pH of 5.0. As previous research,
mpg-CsN, was positively charged under the test pH conditions, due to its -NH,/-NH3" pairs which are
distributed on the edge of mesopores. Thus, the above improvement could be attributed to the
increasing positive charge, which enhanced its neutralization ability [26]. The g-C3N, removal
efficiency was inferior to other samples in this case, and this can be attributed to the lower basicity of
g-C3N4. The removal of anionic MR decreased as the pH increasing from 7.0 to 12.0 because higher
concentration of OH" ions reduce the positive charge of C3N4 and enhance the negative charge of MR,
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which weaken the electrostatic attraction between catalyst and substrate. Thus, the concentration of
MR in the mesopores was lower.
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