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A novel oxygen-doped graphitic carbon nitride and zeolite (H-ZSM-5) composite (O—g—C3N4/H-ZSM-5) was
synthesized using hydrogen peroxide and urea as the oxygen and g—C3N,4 precursors, respectively, and per-
lite as the zeolite source, via calcination at 550 °C. BET N, adsorption-desorption analysis verified that the
40%0—g—C3N4/H-ZSM-5 composite had a high surface area of 259.13 m?/g with mesopores and micropores,
and X-ray photoelectron spectroscopy (XPS) confirmed the existence of the O atom in the g—C3N,4 frame-
work. The obtained 0—g—C3N4/H-ZSM-5 catalyst showed excellent photocatalytic performance for the pho-
todegradation of RR 195, approximately 96.6% with a high rate constant of 0.1167 min~' under solar light
irradiation without the use of H,0,. It also exhibited remarkable stability and long-term recyclability, with
the photodegradation efficiency of RR 195 above 91%. In conclusion, the 0—g—C3N4/H-ZSM-5 composite pho-
tocatalyst is suitable for numerous applications in the field of the photocatalytic degradation of organic pollu-
tants.

© 2020 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Currently, environmental pollution, particularly dye waste from
the textile industry, is a global concern. Consequently, many methods
have been used to remove these dyes [1, 2], of which, the photocata-
lytic method has attracted considerable attention because of its many
advantages, such as rapid treatment rate and high efficiency. Photo-
catalysis occurs under the simultaneous action of catalysts and light
[3]. Titanium dioxide (TiO,) is a widely used photocatalyst, however,
it possesses high band gap energy from 3 to 3.2 eV, only using a maxi-
mum of 5% solar energy [4]. Recently, zinc oxide (ZnO) with the same
band gap energy range as TiO, has attracted more attention because
of its unique photocatalytic applications stemming from its high ther-
mal stability and low production cost [5, 6]. Unfortunately, the issues
of the high band gap energy and high recombination of the photo-
generated e~ /h* pairs, particularly at the nanoscale, have limited the
photocatalytic efficiency [7]. Hence, scientists have attempted to
identify new materials with relatively low band gap energy, high
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surface area, high durability, and ease of fabrication on a large scale,
which can operate in visible light.

Among the new materials, g—C3N,4, an organic polymeric semi-
conductor, has become important because of its unusual theoretical
predictions of properties and potential applications. Chen et al. [8]
investigated the structure of mesoporous C3N4 showing that it has a
large surface area, uniform pore size with a 2D framework, and opti-
cal ability under visible light. Meada et al. [9] demonstrated the pho-
tocatalytic activity of g—C3N,4 in the decomposition of water to H,
through reduction or O, through oxidation under visible light.
Thomas et al. [10] evaluated the structure of g—C3N, with the
changes in the structure and morphology as well as using it as a non-
metallic catalyst. Indeed, g—C3N, is less toxic, cheap, and easy to
synthesize, as it has a narrow band gap energy (approximately
2.7eV) [11-16]. Hence, with good safety and chemical stability,
g—C3N4 has been used in photocatalysis to decompose many toxic
organic compounds in water, however, it has relatively low pho-
tocatalytic performance due to weak light absorbability along
with the fast recombination rate of the e~/h* pairs. Many meth-
ods have been proposed to modify g—C3N, to overcome these
issues, including the synthesis of porous g—CsN4 [17], a combina-
tion of g—CsN4 and other materials through doping or grafting
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techniques [18, 19], or more particularly, the formation of com-
posite materials [20-22].

Doping is useful to tune the electronic structure of g—C3N, and fur-
ther improve its light absorbability, as well as creating many defects in
the g—C3N,4 framework, which act as “electron traps,” leading to limited
recombination of the e~ /h™ pairs, thereby increasing the photocatalytic
activity of g—C3N,. For instance, a new porous intramolecular g-C3N4-
based donor-acceptor conjugated copolymer was synthesized by copoly-
merizing urea with MF resin [23]. The nanocomposite of carbon
quantum dots (CQDs), such as g-C3N4 QDs/BiVO, Z-scheme nanoheteros-
tructure [24] and CQDs@MIL-125(Ti) photocatalyst [25] are highly effi-
cient photocatalysts for the degradation of tetracycline (TC) under visible
light irradiation. Zhang et al. [26] synthesized potassium-doped graphitic
carbon nitride (K—C3N,) for the degradation of phenol and MB, and
[WO4],-doped g—C3N, nanosheets enhanced the efficiency of visible
light irradiation [27]. Surendar et al. [28] reported that the photocatalytic
activity of Fe-doped g—CsN,4 nanosheets is almost seven times higher
than that of bulk g—C3N,. Vasudha et al. [29] utilized the one-pot precip-
itation method to synthesize a novel complex of Ag/Agl/WO; hetero-
junction-anchored P and S co-doped g—C3N4 as a dual Z-scheme
photocatalyst for dye degradation. Yangang et al. [30] synthesized Zr-
doped g—C3N, to study the degradation of Rhodamine B (RhB) under
simulated solar light irradiation. Recently, g—C3N4 has been doped by
non-metal elements such as O, C, P, and S. Liu et al. [31] reported the
simultaneous (S, P, and O) doping and exfoliation of g—C3N, into ultra-
thin 2D nanosheets by an annealing method. Oxygen self-doped g—C3N4
with a tunable electronic band structure via ambient air exposure has
been used as the photocatalyst for RhB photodegradation [32]. A hierar-
chically porous g—C5N,4 tube oxygen-doped by thermal oxidation exfoli-
ation at 600 °C prepared by Yu et al. [33] also showed a narrow band gap
of 2.61 eV. Undeniably, the doping of g—C5N,4 with non-metal elements
is becoming a new research field for the design and preparation of more
effective visible light photocatalysts.

Aluminosilicate zeolite, particularly H-ZSM-5, is an ideal support
because of its large surface area, good thermal and mechanical stabil-
ity, great adsorption ability, and shape-selective properties. More-
over, H-ZSM-5 is a suitable supporting catalyst in photodegradation
due to its potential to facilitate the reactions of the photogenerated
charge carriers and decrease the electron-hole recombination rate
[34, 35]. Kiros et al. [36] tested TiO, supported on zeolite Y for the
textile wastewater in Ethiopia, showing that it exhibited a 20 times
higher mass-normalized turnover rate than that of pristine TiO,. A
novel H-ZSM-5 zeolite nanorod-decorated g—CsN,4 prepared by Pra-
kash et al. [37] degraded more than 99% and 98% of the RhB and CV
dyes, respectively.

In the present study, we developed a green synthesis method for
the fabrication of an O—g—C3Ny4/H-ZSM-5 composite derived from
expanded perlite using H,0, for the formation of the O-containing
species in the g-C3N4 bulk. The photocatalytic activity of the
0—g—C3N4/H-ZSM-5 composite was investigated for the photodegra-
dation of RR 195, reaching 96.6% under solar light and ambient condi-
tions. The kinetic models for the photodegradation of RR 195 by
0—g—C3N4/H-ZSM-5 and the reusability of this catalyst were studied.

2. Experimental
2.1. Materials

Raw perlite was obtained from the Yenbai province, Vietnam,
with a chemical composition of 68.51% SiO,, 0.35% TiO,, 14.54%
Al,0s, 3.52% FeO, 0.09% MnO, 1.04% MgO, 2.71% CaO, 3.6% Na,O,
4.29% K50, 0.07% P,0s, and 0.69% loss in ignition (LOI). All chemical
reagents of the highest available purity, including tetra-propylammo-
nium hydroxide (TPAOH, 25%), H,0,, NaOH, H,S04, NH,4CI, urea, and
RR 195 were supplied by Sigma-Aldrich and used as received without
further purification.

2.2. Synthesis of materials

2.2.1. Synthesis of H-ZSM-5 zeolite

The synthesis of H-ZSM-5 zeolite was a two-step process. In the
first step, the raw perlite was washed several times with distilled
water, dried overnight at 90 °C, crushed and sieved with a 180-mesh
sieve, then thermally activated at 900°C for 3h to obtain the
expanded perlite (EP) and had a SiO,/Al,05; molar ratio of 8.05. EP
was used as the only aluminum source, and sodium silicate was used
as the supplementary Si source for the synthesis of ZSM-5.

ZSM-5 zeolite was prepared via a hydrothermal crystallization
method. In a typical synthesis, the calculated amounts of EP and
NaOH were dissolved in distilled water at 80 °C. After 30 min of
homogenization, TPAOH was added and stirred for 60 min. The pH of
the mixture was adjusted to 10 using H,SO4 under vigorous stirring.
The composition of the mother liquor was as follows: Si/Al molar
ratio of 50, H,0/SiO, ratio of 40, NaOH/SiO, ratio of 0.26, and TPAOH/
SiO, ratio of 0.25. Finally, the gel formed was placed in Teflon-lined
stainless-steel autoclaves and crystallized using a thermal treatment
at 180 °C for 48 h. The solid product was washed with distilled water,
dried at 100 °C overnight, and calcined in air at 550 °C for 5 h at the
heating rate of 5 °C/min. The zeolite obtained in Na-type ZSM-5 was
treated with a 1.0-N solution of NH4Cl at 80 °C for 8 h to exchange its
cations with ammonium ions. The H" ion-exchanged ZSM-5 (H-ZSM-
5) zeolite was obtained by calcination at 500 °C for 5 h.

2.2.2. Synthesis of O-doped graphitic carbon nitride (O—g—CsN,4)

Urea was used as a precursor for graphitic carbon nitride (g—C3Ny)
nanosheets, and the doping oxygen was supplied by hydrogen perox-
ide. In a typical synthesis, 9 g of urea was dispersed in 40 mL of H,0,,
and the mixture was stirred for 15 min at room temperature. Next,
the slurry was dried at 60 °C for 12 h to recrystallize the urea. The
final product was obtained after calcination at 550 °C for 2 h at the
heating rate of 2 °C/min and denoted as O—g—C3N,4. Moreover, 9 g of
urea was heated at 550 °C for 2 h at the heating rate of 2 °C/min and
called g—C3N4.

2.2.3. Synthesis of 0—g—C3N,/H-ZSM-5 composite

First, the calculated amount of H-ZSM-5 zeolite was added to 9 g
of urea in 40 mL of H,0,, the mixture was stirred for 30 min at room
temperature, before the slurry was dried at 60 °C for 12 h to recrystal-
lize the urea. The final product was obtained after calcination at 550 °
C for 2 h at the heating rate of 2 °C/min. The O—g—C3N4 mass content
in the 0-g—C3N4/H-ZSM-5 composite ranged from 30wt% to
50 wt.% with respect to O—g—C3Ny, and the corresponding samples
were named 30%0—g—C3N4/H-ZSM-5, 40%0—g—C3N4/H-ZSM-5, and
50%0—g—C3N4/H-ZSM-5, respectively.

Conventional g—C3N4/H-ZSM-5 was prepared following the same
procedure described above, but without the addition of H,O, and
denoted as g—C35N4/H-ZSM-5.

2.3. Characterizations

The crystal lattice structure of the synthesized samples was deter-
mined by X-ray powder diffraction (XRD) using a D8 ADVANCE sys-
tem (Cu Ker; copper radiation, A =0.154 nm, 3° min~! scanning speed,
Bruker, Germany). Surface morphology was observed by a scanning
electron microscope (S-4800, Hitachi). The Fourier transform infrared
spectra (FT-IR) were measured with an FTIR Affinity-1S (SHI-
MADZU). X-ray energy dispersion (EDX) and EDX mapping were per-
formed with a JED-2300 with a gold coating. The UV-vis diffuse
reflectance (DRS-UV) and photoluminescence (PL) spectra were
recorded with the UV-2600 spectrophotometer (Shimadzu) and the
Cary Eclipse fluorescence spectrophotometer (Varian), respectively. Fur-
thermore, the Brunauer—Emmett—Teller (BET) specific surface area was
determined at liquid-nitrogen temperature (77K) using the N,
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adsorption-desorption technique on a ChemBET-3030 system. Also, X-
ray photoelectron spectroscopy (XPS) was conducted using an ESCALab
250 spectrometer (Thermo VG, UK). Photocurrent analyses were con-
ducted on an electrochemical analyzer (CHIG60B Instrument) in a stan-
dard three-electrode system, with Ag/AgCl and a saturated calomel
electrode used as a counter electrode and a reference electrode, respec-
tively. The electrolyte was an aqueous solution of 1 M Na,SO,. The pho-
toelectrochemical response current of the samples was measured by the
static potential method, the voltage applied to the working electrode
was 1.5 V. Each cycle on or off was 30 s and the total time was 360 s. The
working electrode was prepared as follows: 0.1 mL of sample slurry
(0.5gmL™") was drop-casted onto a piece of FTO slice with a fixed area
of 0.283 cm?, which was dried at 80 °C for 1 h.

2.4. Photocatalytic activity of photocatalysts

The photocatalytic activity of the materials was evaluated using
RR-195 in an aqueous solution with solar irradiation at room temper-
ature. In the experiment, 50 mg of the photocatalysts were dispersed
in the RR 195 solution (40 mL, 50 ppm). Prior to sunlight irradiation,
the mixture was magnetically stirred for 60 min to achieve the
adsorption-desorption equilibrium. At fixed time intervals, 5-mL
samples were taken and centrifuged to remove the solids. The super-
natant was analyzed by recording the variation in the absorption
peak position (541 nm for RR-195) using a UV—Vis 2450 spectrome-
ter. The RR 195 concentration at the equilibrium was taken as the ini-
tial concentration (C,) for the RR 195 photocatalytic degradation.

To detect the reactive oxidative species produced in the photoca-
talytic process, tert-butyl alcohol (TBA), 1,4-benzoquinone (BQ),
ammonium oxalate monohydrate (AO), and potassium dichromate
(K,Cr,07) were used to capture *OH, *0,7, h™ and g, respectively [38].
The experimental steps were similar to the above photocatalytic
activity test, with 1 mmol of scavenging agents added to the reaction
solution at the beginning of solar light irradiation.

The degradation experiments were conducted under solar irradia-
tion in the third week of May 2019 for the RR 195 degradation. The
sunlight intensity was measured with a pyranometer, USA, with aver-
age solar flux (700 Ix).

3. Results and discussion
3.1. Photocatalyst characterization

The crystalline structure and phase of the photocatalyst samples
were characterized by XRD. As shown in Fig. 1, the XRD patterns of

pure g-C3Ng; and 0O-g—C3Ny/H-ZSM-5 composites showed
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diffraction peaks identified at 13.2° and 27.3° corresponding to the
(100) and (002) planes of the crystal faces of g—C5Ng, respectively
(JCPDS 87-1526) [39]. The diffraction peak at 13.2° corresponded to
the in-plane structural packing motif of tri-s-triazine units, and the
typical (002) plane corresponded to the interlayer stacking of the
conjugated aromatic systems [40]. However, for pure O—g—C3N4 and
0—g—C3Ny4/H-ZSM-5 composites, the peak at 27.3° broadened and
shifted significantly toward a larger 26 value and the peak at 13.2°
disappeared, indicating that O—g—C3N4 had a considerably smaller
crystal size than that pure g—C3N4 and that crystal lattice distortion
arose from the defects in the g—C3N4 network when C or N was
substituted with O [41]. In contrast, the characteristic XRD peaks of
H-ZSM-5 zeolite were observed at 20=7.87°, 9.07°, 13.63°, 14.39°,
15.34°,15.81°,23.37°, 24.36°, 25.73°, and 30.24°, which corresponded
to the (101), (111), (102), (112), (131), (022), (051), (313), (323), and
(062) planes, respectively (JCPDS 89—1421) [42]. The XRD patterns of
g—C3Ny/H-ZSM-5 and 0—g—C3N4/H-ZSM-5 composites showed that
the intrinsic lattice structure of zeolite was preserved, confirming
that anchoring g—C3N,4 on the H-ZSM-5 did not disturb the lattice
structure of zeolite. Remarkably, the intensity of the peaks in
0—g—C3Ny4/H-ZSM-5 became weaker than in g—C3N4/H-ZSM-5, sug-
gesting that the O—g—C3Ny/H-ZSM-5 samples had a considerably
smaller crystal size than g—C3N4/H-ZSM-5. The average crystalline
size of composite powders was determined using the Debye—Scher-
rer’s equation:

kA
D= geosd (1)

where D is the crystalline size, k is a shape factor, which is typically
0.89, / is the Cu Ko radiation wavelength (1=1.544), B is the line
broadening at half the maximum intensity, and 6 is the diffraction
angle. The crystalline size was calculated for the (101) reflection
plane and the average grain size of g-C3N4/H-ZSM-5 and O-g-C3N4/H-
ZSM-5 was 35.68 and 20.07 nm, respectively. Additionally, the dif-
fraction peak was shifted slightly to the lower 20 region, which could
be attributed to the chemical interaction between H-ZSM-5 and
g—C3N4.

In contrast, the XRD patterns of the Xx—0—g—C3N4/H-ZSM-5 sam-
ples (Fig. 1(b)) indicated that the peak intensity changed with an
increase in the amount of O—g—C3N,4. Herein, the 50%0—g—C35N,4/H-
ZSM-5 sample exhibited weaker peak intensity than the 30% and
40%0—g—C3N4/H-ZSM-5 samples, confirming that the crystals of
0—g—C3Ny4/H-ZSM-5 were downsized with an increase in the number
of O-doped-g—CsN,4 nanosheets.

To further determine the chemical structure of H-ZSM-5, the
g—C3Ny4, O—g—C3Ny4, and composite samples were investigated using
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Fig. 1. XRD patterns of (a) g-C3N4, O-g-C3Ny4, g-C3N4/H-ZSM-5 and (b) 30—50%0-g-C3N4/H-ZSM-5 samples.



94 X.N. Pham et al. / Journal of the Taiwan Institute of Chemical Engineers 114 (2020) 91102

FT—IR spectra (Fig. 2). The broad absorption band from approxi-
mately 3100 to 3300 cm™~! was assigned to the stretching vibration of
the primary (—NH, groups) and secondary (=NH groups) amines and
their intermolecular hydrogen bonding interactions or surface
hydroxyl groups [43, 44]. The absorption bands at 1574 and
1638 cm ™! were assigned to the C =N stretching vibration mode [45,
46). The characteristic peaks at 1238, 1317, and 1458 cm™! corre-
sponded to the stretching vibration bands of the C—N heterocycle
[47]. The peaks that appeared at 810 and 891 cm™! could be attrib-
uted to the characteristic breathing vibration of the triazine unit [48].
Compared with pure g—C3N,4, new bands in the spectra of 0—g—C3Ny
and O—g—C3Ny4/H-ZSM-5 at 1242cm™! could be assigned to the
stretching vibration absorption of the C—O-C group [49]. In the
FT—IR spectra of H-ZSM-5, the characteristic absorption band at
546 cm™! appeared, indicating the formation of the double five-ring
(DsR) by the tetrahedral SiO4 and AlO4 units [50]. The region around
789 cm~! corresponded to the symmetric stretching of the Si—0—Si
group, while the band around 1049 cm™! was attributed to the asym-
metric stretching vibration of the Si—O-T group from the intra-tetra-
hedral mode of the zeolite framework [51]. The main characteristic
peaks of H-ZSM-5 zeolite and g-O-C3N,4 appeared in the O-g-CsNy4/H-

|
1
|

0-g-C3N,

Transmittance (a.u.)

ZSM-5 composite (Fig. 2(a)), with the main characteristic peaks of Si-
0 and Al-O stretching vibrations in the H-ZSM-5 zeolite structure and
the peak intensities of O-g-C3N,4 decreasing with slight shifts to lower
wavenumbers in the g-0O-C3N4/H-ZSM-5 composite. This indicates
the coexistence of the 0-g-CsN, and H-ZSM-5 zeolite in the compos-
ite, and the O-doped g-C3N4 was well incorporated in the H-ZSM-5
zeolite. The obtained XRD results also support this structure.

The specific surface area and the pore size of H-ZSM-5,
0—-g—C3Ny, and the 40%0—g—C3N4/H-ZSM-5 composite were deter-
mined using the N, adsorption-desorption isotherms and BJH pore
size distribution, as shown in Fig. 3. The specific surface area, pore
volume, and the pore size distribution of the samples are summa-
rized in Table 1. The BET specific surface area of the pristine H-ZSM-5
was 286.03m?g~'. Compared with the pristine H-ZSM-5, the
0-g—C3Ny/H-ZSM-5 composite exhibited a slightly lower specific
surface area of 259.13 m?g~'. Meanwhile, the average pore size dis-
tribution of the synthesized O-g—C3Ny/H-ZSM-5 composite
increased from 2.46 nm for H-ZSM-5 to 9.95 nm. This was attributed
to the presence of the O—g—C3N4 coating on the surface of the H-
ZSM-5 that led to a reduction in the surface area, however, the pres-
ence of O-doped g—C3Ny4 also offered many more porous structures,
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Fig. 2. FT-IR spectra of (a) g-C3N4, O-g-C3Ny4, g-C3N4/H-ZSM-5 and (b) 30—50%0-g-C5N4/H-ZSM-5 samples.
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Fig. 3. N, adsorption-desorption isotherms and the corresponding pore size distribution curvet (inset) of (a) H-ZSM-5, (b) 0-g-C3N,4 and (c) 40%0-g-C3N4/H-ZSM-5 composite.

Table 1

Measured BET parameters of H-ZSM-5, 0-g-C3N, and O-g-C5N4/H-ZSM-5 composite.

Sample Surface area (m?g™!)  Pore volume (cm>.g!)  Average pore size (nm)
H-ZSM-5 286.03 0.15 246
0-g-C5Ny 58.20 0.37 30.70
40%0-g-C3N4/H-ZSM-5 259.13 0.15 9.95
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Fig. 4. SEM images of H-ZSM-5 (a, b), g-C3N4/H-ZSM-5 (c, d), and 40%0-g-C3N4/H-ZSM-5 (e, f) nanocomposite.

contributing to the improvement in the pore size. Hence, the rela-
tively large specific surface area along with the increased pore size
could facilitate the adsorption of the pollutants to the active sites in
the pores for excellent photocatalytic performance.

The surface morphology of the H-ZSM-5 zeolite, g—C3N4/H-ZSM-
5, and 40%0—g—C3N4/H-ZSM-5 composites was analyzed using SEM.
As shown in Fig. 4(a) and (b), the pristine H-ZSM-5 displayed the
spherical and cubic shapes of the zeolite crystal. The g—C3N4/H-ZSM-
5 composite was irregular with a rough surface structure, as shown
in Fig. 4(c) and (d). From the SEM micrographs of the O—g—C3N4/H-
ZSM-5 composite (Fig. 4(e) and (f)), it was inferred that the cubic H-
ZSM-5 zeolite was immobilized onto the matrix of the O-doped
g—C3N4. The composite had good dispersion with a relatively smooth
surface, and the morphology of the crystals was regular.

The elemental composition of the 40%0—g—CsN4/H-ZSM-5 sam-
ple was also confirmed by EDX analysis (Fig. 5(a)). Six main elements
were observed, namely carbon (C), nitrogen (N), oxygen (0), sodium
(Na), aluminum (Al), and silicon (Si), corresponding to the various
positions of 0.2, 0.4, 0.5, 1.0, 1.5, and 1.8 keV, respectively, with the O
element occupying the largest mass of up to 51.62%. No other ele-
ments were detected suggesting that the 40%0—g—C3N4/H-ZSM-5
sample was rather pure. From the results of the elemental mapping
of the Si, Al, O, Na, C, and N elements (Fig. 5(b—g), these elements
were uniformly distributed on the surface of the 40%0—g—C3N4/H-
ZSM-5 sample.

The surface chemical composition of the 40%0—g—C3N4/H-ZSM-5
sample was confirmed by the surface survey and high-resolution XPS
analysis (Fig. 6). The presence of the C, N, and O elements in the com-
posite (Fig. 6(a)) confirmed the incorporation of O-doped g—C3N,4
into the H-ZSM-5 zeolite structure. In the high-resolution spectrum
of C 1s (Fig. 6(b)), the peak at 284.79 eV originated from the adventi-
tious-type carbon (sp> C—C). The peaks at 286.1eV and 288.01 eV
corresponded to the C—NH, and N = C—N of the CN units, respectively
[52, 53]. As shown in high-resolution C 1 s spectra, the new peak at a
binding energy of 289.1eV corresponding to N—C—O binds
appeared in the C 1s spectrum of 0-g-C3N4/H-ZSM-5 sample, which
is consistent with the assumption that O atoms are doped into the g-
C3Ny4 heterocycles by bonding with C atoms, which was also con-
firmed by the FT-IR analysis. The presence of the C—0 and N—C—0
bonds in the O-doped g—C3N4 showed that the O atoms could be

directly bonded to the sp?-hybridized carbon in the composite [54,
55]. In the high-resolution spectrum of N 1 (Fig. 6(c)), three peaks
corresponded to 398.5 eV, 399.8 eV, and 401.1 eV, respectively, and
could be assigned to the tertiary nitrogen N—(C)3, C—N = C in the aro-
matic CN heterocycles, and the surface amino group (C—NH,) moiety
in the CN framework, respectively [56, 57]. In addition, the O 1 s spec-
trum (Fig. 6(d)) showed a characteristic peak binding energy at
532.59eV due to water adsorption (—OH hydroxyl groups), and
533.06 eV was ascribed to the (O—N) oxygen. Again, a new peak at
the binding energy of 531.4 eV corresponding to the N—C—O bonds
appeared in the O 1s, further confirming that the O atoms were
doped in the matrix of g—C3N,4 by bonding with the C atoms.

The optical absorption property considerably influenced the pho-
tocatalytic activity of the catalyst, thus, the absorption properties of
the as-prepared samples were investigated using UV-vis diffuse
reflection spectra (DRS), and the results are shown in Fig. 7(a). The
UV-vis spectra show the absorption edge of the g—CsH, red-shifts
from 440 nm to 465 nm after O doping. Compared with the pure
g—C3Ny, the O-doped g—C3N,4 exhibited more intense absorption in
the broad region of 200—600 nm. The optical band-gap energy of the
samples was estimated by the following Kubelka—Munk equation
(1a):

ahv = A(hv—Eg)"? (1a)

where Eg is the band-gap energy of the semiconductor, A is the
absorption constant, h is Planck’s constant, and « and vrepresent the
absorption coefficient and the light frequency, respectively. The value
of n was determined by the transition mode of the semiconductor.
According to previous studies [58], an n value of 1 allows direct elec-
tronic transitions. Further, the band-gap energies of the pure g—C3Ny,
0—g—C3N4, and O—g—C3Ny4/H-ZSM-5 samples were obtained from a
plot of (ahv)'/? versus hv (Fig. 7(b—f)) as 2.79, 2.74, 2.72, 2.62, and
2.75 eV, respectively. The presence of 0—g—Cs5N4 contributed to the
red-shift of the absorption onset, resulting in the narrow band gap of
the O—g—C3N4/H-ZSM-5 composite (Table 2).

To clarify the separation and recombination of the photoinduced
excitons, the PL spectra of the pure g—C3Ng O-g—C3N4 and
30%—50%0—g—C3Ny4/H-ZSM-5 composites were investigated. As
shown in Fig. 8(a), the PL emission peak for the pure g—C3N,4 was at
449nm and displayed the highest emission intensity, exhibiting
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Element Weight (%) Atomic (%)

13.65 18.77
12.49 14.73
51.62 53.29
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Fig. 5. (a) EDX spectrum and SEM micrograph with elemental mapping of (b) silicon, (c) aluminum, (d) oxygen, (e) sodium, (f) carbon and (g) nitrogen of the 40%0-g-C3N4/H-ZSM-5

composite.

rapid recombination of the electron-hole pairs. After the O-doped
g—C3Ny4, the intensities of the PL spectra decreased, and the
40%0—-g—C3Ny4/H-ZSM-5 exhibited the lowest PL emission peak.
The reduction in intensity was in the following order:
g—C3Ny > 0—g—C5N, > 50%0—g—C5N4/H-ZSM-5 > 30%0—g—C3N4/H-
ZSM-5 > 40%0—g—C3N4/H-ZSM-5, implying that the highest separa-
tion efficiency of the photoexcited electron-hole pairs and the recom-
bination of the electrons and the holes was effectively inhibited in the
40%0—g—C3Ny/H-ZSM-5 composite. Moreover, the emission peak of
the O-doped g—C5N,4 samples showed a gradual red-shift, which was
attributed to the narrowing of the band gaps for doping oxygen in
g7C3N4 [59, 60]

To further clarify the separation and transfer feature of the photo-
generated electron-hole pairs, the photocurrent response tests of as-
synthesized g-C3Ny, 0-g-C3Ny4, and 30-50%0-g-C3N4/H-ZSM-5 were
performed. The transient photocurrents were measured during a
400 s period in an on-and-off cycle mode as shown in Fig. 8(b), show-
ing that 40%0-g-C3N4/H-ZSM-5 had a higher photocurrent density
than 30%0-g-C5N4/H-ZSM-5, 50%0-g-CsN4/H-ZSM-5, 0-g-CsN, and
g-C3N,, indicating more efficient separation of the photoinduced
electron-hole pairs, which may be attributed to synergistic effects
between 0-g-C3N4 and H-ZM-5.

3.2. Photocatalytic activity test

3.2.1. Effect of H>0; oxidizing agent on photodegradation of RR 195

The photocatalytic activity of the 40%0—g—C3N4/H-ZSM-5 catalyst
was investigated during the photodegradation of RR 195 in the
absence or presence of H,0,. As shown in Fig. 9, after 5 h of irradia-
tion with solar light, approximately 98% of RR 195 was degraded in
the presence of the H,0,, while approximately 96.6% of RR 195 was
decomposed in the absence of H,0,. Thus, the photocatalytic activity
of the 40%0—g—C3N4/H-ZSM-5 remained unchanged in the presence
or the absence of H,0,. The incorporation of oxygen atoms effectively
expanded the surface area, extended the solar light response, and
improved the separation efficiency of the electron-hole pairs on the
catalyst. This result also implied that the assistance of H,0, was not
needed for the degradation of RR 195 over the O-doped g—C3Ny4/H-
ZSM-5 photocatalyst. This is a very beneficial photocatalytic activity.

3.2.2. Effect of different photocatalysts

The photocatalysis efficiency of the as-synthesized pure g—C3Ny,
0-g—C3Ny4, and 40%0—g—C3N4/H-ZSM-5 catalysts was investigated
by degrading RR 195 under solar light. Fig. 10(a) shows that the initial
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Table 2

Optical properties of g-C3N4, O-g-C3N,4 and the composite samples.
Sample Absorption edge (nm)  Bandgap energy (eV)
g-C3Ny 445 2.79
0-g-C3Ny 453 2.74
30%0-g-C5Ny/H-ZSM-5 456 2.72
40%0-g-C3Ny4/H-ZSM-5 473 2.62
50%0-g-C3N4/H-ZSM-5 451 2.75

adsorption rates of RR 195 over g—C3Ng; O-g—C3N4 and
40%0—g—C3N4/H-ZSM-5 were 29.55%, 25.24%, and 24.13%, respec-
tively. Compared with pure g-C3N; and O-g—C3Ny4 the
40%0—-g—C3N4/H-ZSM-5 composite exhibited relatively high photo-
catalytic performance in terms of the RR 195 degradation, and 96.56%
of the RR 195 was degraded in 5 h under sunlight illumination, while
91.91% and 93.91% of RR 195 were degraded in 4 h over g—C3N,4 and
0-—g—C3Ny4, respectively. Moreover, we observed that the photocata-
lytic efficiency tended to decrease after 5h and was 90.90% for
g—C3Ny4 and 92.67% for the O—g—C3Ny catalyst. This indicates that
there is a recombination of photoinduced electron and holes,
thus significantly decreasing the photocatalytic efficiency in the
RR 195 degradation. Besides, the photocatalytic activity of the
40%g-C3N4/H-ZSM-5 composite was tested for the degradation of
RR 195 dye under solar irradiation, showing that the RR 195
degraded better in the 40%g-C3N4/H-ZSM-5 and 40%0-g-C3N4/H-
ZSM-5 composites than g-C3N4 and O-g-C3Ny4, 92.03% and 96.56%
removal efficiency were obtained, respectively. These results indi-
cate that the activity of the composite photocatalyst was due to
the incorporation of O-doped g-C3N4 into the H-ZSM-5 zeolite
structure and the role of H-ZSM-5 support increases the high
migration efficiency of charge carriers and longer lifetime of sepa-
rated electron-hole pairs derived from the formation of the heter-
ojunction between the g-CsN; and H-ZSM-5. Based on the
obtained results, the enhancement of the photocatalytic activity
of the 40%0—g—C3N4/H-ZSM-5 composite for the RR 195 degrada-
tion could be explained as follows. First, the better sunlight har-
vest ability of this composite system resulted in better
photocatalytic degradation efficiency because more electron-hole
pairs could be excited under the same sunlight irradiation condi-
tions. Secondly, the crystal structure and the micro-morphology
of the H-ZSM-5 catalyst support played a significant role in deter-
mining the photocatalytic efficiency for RR 195 degradation [61].

800
— 03Ny
7004 @ —0-g-C3Ny
—30% O-g-C3N4H-ZSM-5
6001 40% 0-g-C3N4/H-ZSM-5
-~
2 5004 50% O-g-C3N 4/H-ZSM-5
N2
g
Z 400 4
3
=
o 300
A
200
100 4
0 T

T T
400 500 600 700
Wavelength (nm)

Thus, the obtained results well matched the analytical results
from the BET surface area, UV—vis DRS, and PL spectra.

3.2.3. Effect of 0—g—C3N4 contents

Further enhancements in photocatalytic efficiency were exhib-
ited by the composite catalyst O—g—C3N4/H-ZSM-5, as a result of
the synergetic effects between the photocatalytic active phase
and the H-ZSM-5 support that increased sunlight absorption and
efficiently separated the electron-hole pairs of the O—g—C3N4 on
the support surface. Fig. 10(b) shows that the mass content of the
0-g—-C3N4 had a considerable influence on the photocatalytic
activities of the composite, that is, the O—g—C3N4/H-ZSM-5 com-
posite with 40 wt.% of O—g—C3N4 exhibited the highest photoca-
talytic activity, degrading 96.56% of RR 195 after 5h of
irradiation. In contrast, an O-g—CsN, loading of more than
50 wt.% decreased the performance (86.99% degradation of RR
195 after 3 h of irradiation), as the excess O—g—C3N4 might form
aggregates that block the transfer of electrons and holes in this
system.

3.2.4. Effect of photocatalyst dosage

The influence of the different amounts of 40%0—g—C3N4/H-ZSM-5
catalyst was also investigated under the same reaction conditions.
Fig. 10(c) shows that the highest photocatalytic efficiency was 96%
after 5h corresponding to 50mg of the used catalyst, which
decreased thereafter. A large amount of catalyst facilitated the forma-
tion of surface-active sites, leading to an improvement in the photo-
catalytic efficiency. However, if the amount of catalyst continually
increased, the interaction among the outer layers of the catalyst
material reduced the photon formation of the inner layers, which led
to a decrease in the number of e /h* pairs as well as the photocata-
lytic efficiency [62].

3.2.5. Effect of RR 195 concentration

The initial concentration of the pollutant also affects the pho-
todegradation activity, therefore, the degradation of RR 195 with
different initial concentrations using the 40%0—g—C3N4/H-ZSM-5
photocatalyst was investigated, as shown in Fig. 10(d). When the
initial concentration of RR 195 increased from 30 ppm to 90 ppm,
the photocatalytic efficiency slightly decreased from 96.6% to
92.9%, implying that a high initial dye concentration could
decrease the transmission opportunity and the path of the
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Fig. 8. (a) Photoluminescence spectra and (b) Transient photocurrent response of g-C3Ny4, O-g-C5Ny4, 30—50% O-g-C3N4/H-ZSM-5 composites.
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Fig. 9. Photodegradation of RR 195 over 40% 0-g-C3N4/H-ZSM-5 photocatalyst (a)
without of H,0, and (b) with 1 mL of H,0, as oxidizing agent (Reaction conditions: RR
195 concentration of 50 ppm, 50 mg of photocatalyst, natural light (=750 Ix) and envi-
ronment temperature (30 °C), pH=6.5.

photon, thereby reducing the penetration rate of the solar light
irradiation in the contaminant solution [63, 64].

The kinetics of the RR 195 photodegradation were modeled based on
an operating temperature of 30°C, 50mg of the synthesized
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40%0—g—C3Ny4/H-ZSM-5 catalyst, and a pH of 6.5, as shown in Eq. (1b):

7111(%) — ot (1b)

where C; and C, are the concentrations at time t and time zero,
respectively, and k, is the first-order reaction rate constant (h~"). As
shown in Fig. 11(a), the linearity of the In (C,/C,) versus irradiation
time (t) plot suggested that the first-order reaction was not suitable
for the photodegradation reaction, that is, the values of the regres-
sion coefficient (R?) between 0.8 and 0.9 were not symptomatic of
pseudo-first-order kinetics for the photodegradation of RR 195. In
contrast, if the photodegradation process followed pseudo-second-
order kinetics, the reaction equation could be represented as fol-
lows:

%_Clo =kt (2)
where C; and C, are the concentration at time t and time zero, respec-
tively, k is the pseudo-second-order reaction rate constant, and t is the
irradiation time. The plot of (Ci[—%h) versus t is shown in Fig. 11(b). We
observed that the regression coefficient values for each concentration
in the case of the pseudo-second-order kinetic model (R? > 0.96) were
considerably higher than those of the pseudo-first-order kinetic model.
The rate constant of the pseudo-second-order equation decreased from
0.1167 to 0.0512 min~! when the initial concentration increased from
30 to 90 ppm. These results show that the photodegradation process
was better represented by the pseudo-second-order model and that
increasing the initial RR 195 concentration did not have a positive effect
on the rate of the photodegradation process.
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Fig. 10. Photodegradation of RR 195 under various reaction conditions of (a) photocatalysts, (b) mass contents of O-g-C3Ny, (c) amount of photocatalysts, (d) concentration of the RR
195. Reaction conditions: solar light irradiation (=750 Ix), environment temperature (30 °C), pH =6.5.
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Fig. 12. The active species trapping experiments for degradation of RR 195 over 40%0-
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environment temperature (30 °C), pH=6.5.

3.3. Mechanism of photocatalytic activity

The quenching of radical species was performed to identify the
reactive oxidative species participating in the photocatalytic degra-
dation. The quenching agents, including TBA, Cr(VI), AO, and BQ were
added into the 40%0-g-C3N4/H-ZSM-5 photocatalyst as hydroxyl rad-
ical (*OH) scavenger, electron (&), holes (h*) and superoxide radical
(°*0y7), respectively. As shown in Fig. 12, the photodegradation rate of
RR 195 decreased from 92.41%, 91.68%, 82.38%, and 51.82% with the
addition of TBA, Cr(VI), AO, and BQ into the reaction system, respec-
tively. The efficiency of the photocatalytic degradation was slightly
decreased after adding TBA and Cr(VI) compared with no scavenger,
implying that *OH and é do not play a major role in the photocatalytic
activity. In contrast, when BQ and AO were added, there was a signifi-
cant decrease in photocatalytic activity of RR 195, indicating that *0,"
and h* were produced in the photocatalytic process. The obtained
results revealed that superoxide radicals and holes were mainly
involved in the photocatalytic system, with the hydroxyl radical scav-
enger, electron having a lesser role in photodegradation [65-68].

In summary, the photocatalytic process involved the reactive oxy-
gen species viz. the singlet oxygen and superoxide radical anions
(*027), which were obtained by doping oxygen into g—C3N,4. With
the combined advantages of the high surface area of the H-ZSM-5
support with mesopores and micropores, wide visible light absorp-
tion range, high separation efficiency of the charge carriers, and the
suitable band structure, the photodegradation mechanism of RR 195
over the O—g—C3Ny/H-ZSM-5 composite can be explained as follows:

0—g—C3Ny4/H-ZSM-5 + sunlight irradiation — €cg + h*yg (3)
€p+0;—°0 (4)
*07, + RR 195 — mineralized products (5)
h*yg + RR 195 — mineralized products (6)

3.4. Photocatalyst stability test

The recyclability and the photostability properties of the photoca-
talyst are very important for real-world applications. To evaluate the
stability and the reusability of O-doped g—C3N4/H-ZSM-5, the reac-
tion process of the synthesized 40%0—g—C5N4/H-ZSM-5 for RR 195
degradation was repeated four times. As shown in Fig. 13(A), the pho-
tocatalytic activity of this catalyst only slightly decreased (91.20%
remaining) after four consecutive tests under the experimental con-
ditions at which the optimal degradation rate was obtained. More-
over, the FT-IR spectra of the recycled 40%0—g—C3N4/H-ZSM-5
composite remained unchanged compared with the fresh sample
(Fig. 13(B)). Besides, the XRD patterns (Fig. 13(C)) confirm that no
obvious crystal structure changes occurred in the 40%0-g-C3N4/H-
ZSM-5 catalyst after the fourth photodegradation cycle. These results
demonstrate the excellent stability of the catalyst during photodegra-
dation.

4. Conclusions

In conclusion, the O—g—C3N4/H-ZSM-5 photocatalyst, with excel-
lent photocatalytic activity, was synthesized using expanded perlite
and urea as precursors. The morphological, compositional, crystalline
phase, textural nature, and optical properties of as-synthesized sam-
ples were characterized, demonstrating that 40%0-g-C3N4/H-ZSM-5
has the highest photocatalytic efficiency, with a photodegradation
rate of up to 96.6% under solar light irradiation. The outstanding pho-
tocatalytic activity is attributed to the improved separation of
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Fig. 13. (A) Cycling runs for the photodegradation of RR 195 over 40%0-g-C3N4/H-ZSM-5 composite, (B) FT-IR spectra, and (C) XRD patterns of (a) fresh and (b) used 40%0-g-C3N,4/
H-ZSM-5 photocatalyst. Reaction conditions: solar light irradiation (=750 Ix), environment temperature (30 °C), pH =6.5.

photoinduced charge carriers, the formation of a heterojunction
between O-doped g-C3N; and H-ZSM-5. Furthermore, *0,~ plays a
major role in the photodegradation process. These findings provide
new opportunities for the fabrication of efficient photocatalysts for
the treatment of wastewater.
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