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Abstract—Photocatalysis is usually considered as one of the most effective methods for treating non-biodegradable
pollutants commonly found in textile wastewater. In this study, the photocatalyst of g-C;N,/MIL-53(Fe) was synthe-
sized by the hydrothermal method and applied for the removal of Rhodamine B (RhB) in water. The photocatalytic
material was characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, scanning electron micros-
copy, energy-dispersive X-ray spectroscopy, Brunauer-Emmett-Teller analysis, UV-Vis diffuse reflectance spectroscopy,
and X-ray photoelectron spectroscopy. The results showed that the g-C;N, doped MIL-53(Fe) with 97 wt% of MIL-
53(Fe) works effectively under visible light and the presence of oxidants (Na,S,05). RhB removal efficiency can be more
than 99% with 20 mg/L of RhB, 300 mg/L of catalyst, 200 mg/L of Na,S,0;, and pH 3. In addition, the photocatalytic
degradation mechanism of RhB with g-C;N,/MIL-53(Fe) was also proposed, which could be improved and studied for
a wide range of applications in textile wastewater treatment.
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INTRODUCTION

Advanced oxidation process based on sulfate radical (SO;") is an
emerging technology for persistent organics removal in water due
to its strong oxidation potential and high efficiency. The sulfate radi-
cal has higher redox potential (2.5-3.1V) than hydroxyl radical
(HO', 2.8V). It has more selective oxidation for pollutants with
aromatic ring and unsaturated bonds with higher reaction rate of
10°-10° M "s™", longer half-life of 30-40 ps, and wider working pH
range [1,2]. The sulfate radicals can be produced from persulfate
(PS) or peroxymonosulfate (PMS) by different ways of activation,
such as light, temperature, sonication, transition metal, and hetero-
geneous photocatalysis. Among them, photocatalytic activation is
widely used due to its high effectiveness, low cost, non-toxicity, and
low energy consumption [3].

Graphitic carbon nitride (g-C;N,) is structurally similar to graph-
ene, consisting of several layers stacked along the axis to form graph-
ite faces. The triazine rings C,N;, which are the structural units of
graphite face, are bound together by element N. In addition, MIL-
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53(Fe) with the chemical formula of Fe;(OH)(O,C-C¢H,-CO,)-H,O
consists of FeO; octahedral chains connected with benzene dicar-
boxylate anions to form a 3-D network. This is a durable type of
metal organic framework (MOFs) material with a large specific sur-
face area, high adsorption capacity, and order structure, which is
under intense research.

Both g-C;N, and MIL-53(Fe) show a good ability to decompose
pollutants under visible light. They are also environmentally friendly
materials that can be easily synthesized in large quantity for practi-
cal applications. However, both pure g-C;N, and MIL-53(Fe) have
large photo-excited electron-hole recombination. To overcome this
disadvantage, materials are often modified by doping with metals,
nonmetals, or by hybridization between g-C;N, and MIL-53(Fe)
and other materials. Many studies have shown that the combination
of g-C;N, and MIL-53(Fe) materials has much better photochemi-
cal efficiency than the starting materials. Bai et al. [4] successfully
synthesized g-C;N,/MIL-53(Fe) composite material to photocata-
Iytically split H, from water under sunlight. The results showed that
modified materials with the ratio g-C;N,/MIL-53(Fe)=1: 1 had the
highest H, splitting rate, which was 335 times and 47 times higher
than those of MIL-53(Fe) and g-C;N,, respectively. The Cr(VI) re-
moval efficiency in the water of g-C;N, (3 wt%) doped MIL-53(Fe)
was studied by Huang et al. [5]. Under the same conditions, the
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doped material had 3.4 and 4.8 times faster Cr(VI) removal rate
than g-C;N, and MIL-53(Fe), respectively. Co (1 wt%) doped g-
C;N, gave Rhodamine B (RhB) decomposition efficiency of four
times higher than pure g-C;N, [6]. The antibiotic degradation capac-
ity of Ag;PO,/MIL-53(Fe) was studied by Xie et al. [7]. The results
showed that Ag;PO,/MIL-53(Fe) material had better treatment effi-
ciency than pure Ag,PO, and MIL-53(Fe). With the ratio of Ag,PO, :
MIL-53(Fe)=1:3 (wt), the catalyst gave the highest degradation effi-
ciency of tetracycline (93.72%), oxytetracycline (90.12%), chlortet-
racycline (85.54%), and deoxytetracycline (91.74%) within 1h [7].
However, the combination of g-C;N, and MIL-53(Fe) as an effec-
tive photocatalyst for photocatalytic degradation of RhB under vis-
ible light conditions has not been reported in the literature.

In this study; g-C;N,/MIL-53(Fe) material was synthesized by the
hydrothermal method. The characteristics of the material were then
determined by various techniques of surface analysis. The photo-
catalytic ability of the materials was then evaluated via its perfor-
mance for the removal of RhB in water. The influencing factors
such as type of catalyst, catalytic content, input RhB concentration,
oxidant content, and pH condition were investigated. Finally, the
mechanism for photocatalytic decomposition of RhB by g-C;N,/
MIL-53(Fe) under visible light conditions was proposed.

MATERIALS AND METHODS

1. Preparation and Characterization of g-C;N,/MIL-53(Fe)
Materials

The g-C;N, material in this study was synthesized by the heat
condensation method according to Wang et al. [8]. In a typical proce-
dure, 10 g of melamine was finely ground and wrapped with alu-
minum foil. The material was then calcined at 525°C for 3h at a
heating rate of 5°C/min. After cooling to room temperature, the
resulting yellow powder was g-C;N,. After that, the MIL-53(Fe)
and g-C;N,/MIL-53(Fe) materials were synthesized by the hydro-
thermal method [5]. At first, 0.1105 g of g-C;N, was mixed with
10 mL of N,N-Dimethylformamide (DMF), and the mixture was
ultrasonically treated for 30 min to obtain solution A. Meanwhile,
2.703 g of FeCl,-6H,0 and 1.66 g of H,BDC were mixed with 56
mL of DMF for 20 min to obtain solution B. Solution A was then
slowly added to solution B and the mixture was stirred for 1 h to
obtain a homogeneous mixture (solution C). Next, solution C was
transferred into a 100-mL autoclave for hydrothermal treatment at
150 °C for 24 h. The mixture was subsequently allowed to cool to
room temperature before washing and filtration with DMF (3
times) and ethanol (3 times). The resulting solid was further soaked
in 250 mL of DI water and stirred for 8-10 hours. Finally, the pow-
der obtained after centrifuging and decantation was dried at 150 °C
for 12 h. The final product following the above procedure was g-
C,N,/MIL-53(Fe) with 97 wt% of MIL-53(Fe) and denoted as
CNFe-97. The CNFe-99, CNFe-95, and CNFe-90 materials were
synthesized using the same procedure but with different amounts
of MIL-53(Fe). The chemicals used in this study come from China
with 99% purity.

Characteristics of the synthesized materials were analyzed by vari-
ous surface analyses. X-ray diffraction (XRD) patterns were collected
using a D8 Advance XRD (Bruker, Germany). Fourier-transform

infrared spectroscopy (FTIR) was analyzed by a Spectrum Two
FT-IR Spectrometer (Perkin Elmer, USA) using attenuated total
reflection (ATR) mode. Results of scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy were obtained
from an S-4800 FESEM (Hitachi, Japan). Brunauer-Emmett-Teller
(BET) N, adsorption and desorption isotherms as well as pore size
distribution were determined using a TriStar II Plus 2.03 (Micromer-
itics, USA). The UV-Vis absorption spectra using diffuse reflectance
spectroscopy (DRS) were collected on a V-670 Spectrophotometer
(Jasco, Japan). X-ray photoelectron spectroscopy (XPS) was per-
formed using VG Multilab 2000 (Thermo Fisher Scientific, USA).
2. Photocatalytic Decomposition of Rhodamine B

The capability and applicability of the synthesized materials were
evaluated by the photocatalytic decomposition of RhB in water
(Fig. S1 of the Supplementary Material). Before performing the
Rhodamine B decomposition experiment, the catalytic materials
were treated in nitrogen gas for 12 h at 150 °C to clean the surface
of the materials. In a batch reaction, 150 mL of water containing a
certain RhB concentration according to each experiment was pre-
pared in a double layer glass beaker with circulating water for sta-
bilizing temperature. The photocatalyst was then added at a certain
dosage depending on the test purpose. The mixture was stirred in
dark conditions for 30 min to reach the adsorption equilibrium.
Next, Na,S,0; was added with a certain concentration as an oxidiz-
ing agent in the experiment. The reaction was observed for 50
min under stirring by aeration. The light was turned on or off de-
pending on the purpose of the experiment. The light was supplied
by 14X LEDs (40 W, 12'V) with the highest intensity at a wave-
length of 446 nm. RhB concentration was determined by UV-Vis
absorption at a wavelength of 554 nm using a UV-Vis spectropho-
tometer (Model SP-60, Biochrom, UK) with 1.0 cm matched quartz
cells. In the first experiments without the best-operating conditions,
the values for RhB concentration, catalyst amount, Na,S,0; con-
tent, and pH were initially chosen at 20 mg/L, 300 mg/L, 200 mg/L,
and 3, respectively. The photocatalyst used was g-C;N,/MIL-53(Fe)
with 97% of MIL-53(Fe).

The RhB removal efficiency (H, %) and is the rate constant (k,,,,
min™") of the fitted pseudo-first-order kinetic model are calculated
as follows:

H(%)=(1-C,/C,)x100 (1)
In(C/Cp)=k,ypxt @

where C, and C, (mg/L) are RhB concentration at the beginning
and after reaction time, respectively.

To propose the mechanism of decomposition RhB by g-C,N,/
MIL-53(Fe), the experiment to investigate the effects of free oxi-
dizing radicals was conducted. The inhibition of free radicals was
accomplished by adding 1 mM solution of ethylene diamine tetra-
acetic acid (EDTA-2Na), 1,4-benzoquinone (BQ), tert-butyl alco-
hol (TBA), or phenol (PheOH) to the solution before turning on
the light.

To evaluate the reusability of the material, the catalyst was col-
lected after each run. After that, the material was centrifuged, washed
with distilled water twice and ethanol. The material was then dried
at 70 °C and applied for the next experiment.
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Fig. 1. (a) XRD patterns and (b) FT-IR spectra of g-C;N,, MIL-
53(Fe), and CNFe-97.

RESULTS AND DISCUSSION

1. Material Synthesis and Characterization

XRD patterns were used to determine the crystalline structure
of g-C;N,, MIL-53(Fe), and CNFe-97 with 26 in the range of 2-
80° (Fig. 1(a)). The XRD spectrum of g-C;N, has two high-inten-
sity peaks at 13.15° and 27.25°, which can be explained by the cyclic

IMS-NKL 5.0kV 4 4mm x20.0k SE(M) 2.00um | IMS-NKL 5.0kV 4 5mn

Fig. 2. SEM images of (a) MIL-53(Fe), (b) g-C;N,, and (c) CNFe-97.

arrangement of tri-s-triazine units in the plane (100) (26=13.15°)
and the arrangement of plane-corresponding aromatic conjugation
systems (002) (26=27.25°). This result is consistent with the pub-
lished work on the phase composition of g-C;N, [8.9]. Peaks char-
acteristic for MIL-53(Fe) material are observed at 26 of 9.17°, 17.33°,
and 25.22°, corresponding to the planes of (200), (-110), and (311),
respectively [10,11]. The XRD spectrum of CNFe-97 has the same
diffraction peaks as MIL-53(Fe). Meanwhile, the characteristic peaks
of g-C;N, are not observed, mostly due to the small content of g-
C;N, (3wt%) in the composition of composite material. The en-
hancement of characteristic peaks at 26 of 17.33° and 25.22° in
CNFe-97 as compared to those in MIL-53(Fe) materials is attributed
to the weak interaction of amine groups on the surface of g-C;N,
with Fe atoms in MIL-53(Fe), which improves the crystallinity of
MIL-53(Fe) material [12]. The crystal structure of MIL-53(Fe) did
not change when adding g-C;N,, which is also consistent with the
reports of Bai et al. [4] and Huang et al. [5]. Thus, it can be con-
cluded that the g-C;N,, MIL-53(Fe), and CNFe-97 materials were
successfully synthesized with high purity.

FTIR spectra of g-C;N,, MIL-53(Fe), and CNFe-97 are shown in
Fig. 1(b) with wavenumbers in the range of 400-4,000 cm™". FTIR
spectrum of g-C;N, has an adsorption peak at 810 cm™, which can
be attributed to the C-N bond in the aromatic ring. Some peaks in
the range of 1,188-1,431 cm™" with high intensity are also ascribed
to be the vibration of the C-N bond outside the aromatic ring.
The peak at 1,625 cm™ is the vibration due to the C=N bond. Wide
adsorption bands in the range of 3,118-3,467 cm ™" are the vibration
of the secondary and primary amines due to the formation of hy-
drogen bonds between their molecules. This is because the hydro-
gen atoms are also bound to C-N in the aromatic ring as well as to
the C-NH, and C-NH-C groups in the graphene-like structure of
g-C;N, [8,9]. MIL-53(Fe) material has some peaks at wavenum-
bers of 1,693 cm™" (the vibration of the C=O bond), 1,524 and
1,380 cm ™' (symmetric and asymmetric stretching of the carboxyl-
ate group), 515 cm™' (the vibration of Fe-O bonding in octahedral
FeOg), 745-1,015cm " (the C-H bonding vibration of the benzene
ring), and 3,248-3,600 cm™' (the existence of O-H groups in the
structure) [10,11]. Similar to XRD patterns, FTIR spectra results
also show that doping g-C;N, does not affect the basic functional
groups in MIL-53(Fe). The characteristic peaks in the FTIR spec-
trum of CNFe-97 coincide with those in MIL-53(Fe).

As shown in Fig. 2(a), MIL-53(Fe) morphology has a rod shape
with a smooth surface and irregular sizes. This result is similar to
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Fig. 3. EDX spectrum of (a) MIL-53(Fe), (b) g-C;N,, and (c) CNFe-97.

the study of Salimi et al. [13]. The morphology of pure g-C,N, mate-
rial (Fig. 2(b)) is unevenly stacked, as reported in previous studies
[5,14]. The morphology of CNFe-97 (Fig. 2(c)) is similar to that of
MIL-53(Fe), but the surface is somewhat rougher, which could be
due to the adhesion of g-C;N, on the CNFe-97 surface.

EDX spectra of g-CN,N,, MIL-53(Fe), and CNFe-97 are shown

in Fig. 3. There are signals which are specific to the elements of Fe
(2.19%), C (44.45%), and O (53.36%) in the MIL-53(Fe) material.
Thus, it is possible to determine that the main components in the
MIL-53(Fe) are C and O, proving that the material has been suc-
cessfully synthesized [11,15]. Meanwhile, g-C,N, is also success-
fully synthesized when the elements of C and N predominantly
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appear with high percentages of 31.87% and 68.13%, respectively,
which is similar to previous reports [16,17]. EDX spectrum of CNFe-
97 indicates the presence of the main elements such as Fe, N, C,
and O. These results together with the SEM images confirm that
g-C;N, was successfully doped into the MIL-53(Fe) material.

As observed from Fig. 4(a), the N, adsorption-desorption iso-
therms of MIL-53(Fe), g-C;N,, and CNFe-97 are all of type IV ac-
cording to ITUAPC [18]. In addition, Fig. 4(b) shows the pore size
distribution of these materials, while some porous parameters of
materials from BET analysis results are summarized in Table 1.
MIL-53(Fe) has a surface area of 25.55 m’/g and an average pore
size of 8.05 nm. Those values are similar to those reported in the
literature with a surface area of 14 m’/g [19], 20.6 m’/g [20], 26.20

Table 1. BET results of the synthesized materials

. Surface area Pore size Pore volume
Materials 5 3
(m/g) (nm) (cm’/g)
MIL-53(Fe) 25.55 8.05 0.051
g-CN, 6.96 35.7 0.06
CNFe-97 19.16 1421 0.068
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Fig. 5. (a) UV-Vis DRS spectrum of materials and (b) the plot of
(ah1)’ vs. photo energy (h1).

m’/g [21], and 19.1-89.69 m*/g [22], and pore size of 5.6 nm [21].
However, the very low surface area observed on MIL-53(Fe) indi-
cates that the anhydrous form of MIL-53(Fe) exhibits closed pores
and decreased capillary sizes, which are smaller than the kinetic
diameter of N, at 77 K. Therefore, nitrogen cannot reach these capil-
laries, resulting in a reduced specific surface area [18,19,23]. In this
study; g-C;N, has an area surface of 6.96 m’/g and pore size of 35.7
nm, which are higher than the values of 431 m”/g and 14.6 nm in
the study of Shanmugam et al. [24]. Compared with MIL-53(Fe),
CNFe-97 has a smaller specific surface area (19.16 vs. 25.55 m’/g)
but higher pore volume (0.068 vs. 0.051 cm’/g), which was caused
by the attachment of g-C,N, on the surface of MIL-53(Fe).

The results from the UV-Vis absorption of the synthesized mate-
rials are illustrated in Fig. 5. As seen in Fig. 5(a), g-C;N, has ab-
sorption peaks at 273 nm and 380 nm, proving its working ability
under visible light conditions. Similarly, MIL-53(Fe) has absorp-
tion peaks at 230 and 441 nm, which is capable of absorbing visi-
ble light in the wavelength range of 400-600 nm. At the wavelength
of 441 nm, MIL-53(Fe) spectrum is specific to the O-Fe-O bond.
The absorption spectrum of CNFe-97 shows a similarity to the
MIL-53(Fe) spectrum with an absorption wavelength at 448 nm,

Korean J. Chem. Eng.
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which was shifted towards a longer wavelength than that of MIL-
53(Fe). The UV-Vis DRS results were applied to determine the
bandgap energy of the g-C;N,, MIL-53(Fe), and CNFe-97 materi-
als (Fig. 5(b)), which are 2.72, 2.39, and 2.48 eV, respectively. This
is one of the important bases for proposing a photocatalytic mech-
anism with CNFe-97.

X-ray photoelectron spectroscopy (XPS) was conducted to inves-
tigate the surface composition and elemental valence state in the g-
C;N,/MIL-53(Fe) composite. The full-scan XPS spectrum (Fig. 6(a))
shows the existence of Ols at 532 eV, Cls at 284 eV, N1s at 399 eV,
and Fe2p at 712 eV elementals [25]. The Cls spectrum (Fig. 6(b))

(@)
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)
&
> Fe 2p
=
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£
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T M T v T T r T
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can be deconvoluted into five components referring to C=C/C-C
(284.8eV), C=0 (286.2eV), C=0 (288.9¢eV), O-C=0 (290.8 V),
sp’-bonded carbon (N=C-N, 248.8 ¢V), and graphitic carbon (sp’
C, 285.6eV) groups [25-27]. The N1s spectrum (Fig. 6(c)) can be
fitted using three components referring to sp” N (C-N=C, 398.8
eV), tertiary N atoms (sp’ N, 399.9 eV), amino-functional groups
(C,-N-H, 401.0 eV) groups [28]. The high-resolution O1s has three
peaks (Fig. 6(d)), which can be classified as lattice oxygen in the
bond between metal and oxygen (Fe-O), chemisorbed oxygen spe-
cies, and oxygen in O-C=0 groups [19,29,30]. Two peaks of Fe2p
allocated at 7123 eV and 726 eV for Fe 2p1/2 and Fe 2p3/2 (Fig.
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Fig. 6. XPS results of g-C,N,/MIL-53(Fe): (a) Survey scan, (b) Cls peak, (c) N1s peak (d) O1s peak, and (e) Fe2p peak.
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Fig. 7. Removal of RhB without (a) and with (b) light illumination.

6(e)) were both observed in g-C;N,/MIL-53(Fe) composite [31].
There is also a peak with a satellite signal at 718.3 eV, confirming
that Fe(III) exists in the MIL-53(Fe) structure [25,31]. The XRD
and XPS results show that g-C;N,/Mil-53(Fe) material was suc-
cessfully synthesized.
2. Photocatalytic Removal of Rhodamine B

At first, the effects of illumination, the presence of Na,S,0s, and
catalyst on RhB removal efficiency were observed. The results in
Fig. 7 show that these factors remarkedly affect the degradation of
RhB in water with greater efficiency in the presence of light, Na,S,O,
and photocatalyst. In the absence of light and photocatalyst, the
RhB removal by Na,S,0; was only 10.70% after 50 min of reac-
tion. Without light and Na,S,0s, the RhB treatment efficiency by
adsorption was very low at 5.94%, 17.46%, and 26.23% for g-C;N,,
MIL-53(Fe), and CNFe-97, respectively. Without light, the combina-
tion of catalysts and Na,S,0; gave slightly higher removal efficiency
of 17.7%, 27.23%, and 44.36% with g-C;N,, MIL-53(Fe), and CNFe-
97, respectively. Various oxidants (Na,S,0q, K;S,05 (NH,),S,0s,
H,0,, KHSO; (PMS), and KIO;) were also applied for the treat-
ment of RhB, and Na,S,0, was proven to be the best oxidant for
the photocatalytic removal of RhB in water (Fig. S2 of the Supple-
mentary Material). The presence of Na,S,0; increases RhB decom-

position because it enhances the electron transfer in the catalytic
reaction, which is similar to the research of Huang et al. [5].

In the case of illumination, the photolytic decomposition of RhB
did not take place in the absence of Na,S,0; and catalyst. When
adding an oxidizing agent, the RhB removal efficiency reached
27.81%, which was higher than that of the non-illuminated exper-
iment (10.70%). However, the use of Na,S,0, for direct oxidation
of RhB is still not effective. Under light illumination conditions,
the catalysts gave better removal efficiency than in the absence of
light, reaching 10.1%, 38.47%, and 69.51% with g-C;N,, MIL-53(Fe),
and CNFe-97, respectively. In the presence of all three elements
(light, oxidizing agent, and catalysts), the RhB removal efficiency
was significantly increased. In which, CNFe-97 achieved the high-
est efficiency of 99.35%, followed by MIL-53(Fe) with efficiency of
85.11%. The calculated results show that the RhB decomposition
rate of CNFe-97 (0.0994 min™") is 7.46 times higher than that of g-
G:N;, (0.0126 min™') and 2.75 times higher than that of MIL-53(Fe)
(0.0361 min ™).

Thus, the photocatalytic ability of the CNFe-97 composite mate-
rial is superior to that of pure g-C;N, and MIL-53(Fe), especially
in the presence of the oxidizing agent (Na,S,0;) for RhB removal.
Regarding pure g-C;N,, although it has a narrow bandgap of ~2.72
eV, it has weak photocatalytic activity. This is possibly due to its
high electron-hole recombination, which leads to a decrease in pho-
tocatalytic efficiency. In the case of MIL-53(Fe) or CNFe-97, the e’/
h" recombination is limited, likely because of its rod morphology,
which improves the RhB treatment efficiency. In addition, g-C,N,
doping improves the ability to trap electrons, therefore helps to limit
the electron-hole recombination and make the higher RhB removal
efficiency of CNFe-97 as compared to that of MIL-53(Fe).

In this experiment, the influence of g-C;N, content on the activ-
ity of g-C;N,/MIL-53(Fe) for RhB removal was investigated. The
MIL-53(Fe) content of photocatalysts was varied in the range of
90-100 wt%, including CNFe-90, CNFe-95, CNFe-97, CNFe-99,
and CNFe-100 (MIL-53(Fe)). The result in Fig. 8(a) shows that
when increasing the content of g-C;N, from 0 to 3 wt%, the pho-
tocatalytic efficiency increases from 85.11% to 99.35%. However,
the treatment performance of RhB then decreases with a further
increase of g-C;N, content from 3 to 10 wt%, where the CNFe-90
only reaches a removal efficiency of 79.53%. This is probably be-
cause the electron and hole separation efficiency is improved under
moderate content of doped g-C;N, due to the effective electron
transfer. If the g-C;N, content continues to increase, g-C;N, would
deposit densely on the photocatalyst surface, which hinders the
contact between light and MIL-53(Fe). In addition, g-C;N, could
also turn into the centers for the e /h" recombination under high
content, which is consistent with the statement of Gong et al. [32].
Under the same lighting conditions and Na,S,0,, CNFe-97 gave
the highest treatment efficiency of 99.35% after 50 min of reaction
with the RhB decomposition rate of 1.67 to 3.21 times faster than
other catalysts (Fig. 8(b)). The change in RhB concentration over
time followed the first-order equation with R*>0.957 (Fig. 8(b)).
Therefore, CNFe-97 was selected as the photocatalyst in the subse-
quent experiments with Na,S,0; and light presence. UV-Vis molecu-
lar absorption spectrum of RhB when using CNFe-97 and Na,S,04
presence over time is observed in Fig. 8(c). The results show that
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Fig. 8. (a) Effect of g-C;N, content on the RhB removal efficiency of CNFe, (b) Kinetic of removal RhB by CNFe-x (with x=90, 95, 97, 99, or
100), and (c) spectral absorption of RhB UV-Vis molecule over time.

over time, there was not any wavelength shift of the peak of 554 nm
that can be observed. Meanwhile, the absorption intensity changed
rapidly after the first 10 min of reaction and the spectral peak almost
disappeared completely after 50 min. This indicates that CNFe-97
effectively activates oxidizing agent Na,S,0; to stimulate the pro-
cess of creating free radicals for the decomposition of RhB under
visible light conditions.

The used amount of the catalyst usually affects not only the treat-
ment efficiency but also the cost of a photocatalytic process. There-
fore, the determination of suitable photocatalyst dosage is an im-
portant step for water treatment. In this experiment, CNFe-97 was
used in a dosage range of 50-500 mg/L. As presented in Fig. 9, the
RhB decomposition process followed first-order kinetics at all dif-
ferent photocatalyst dosages with R*>0.970. When increasing the
photocatalyst dosage from 50 to 300 mg/L, the removal efficiency
after 50 min increased from 64.02 to 99.35% and the decomposi-
tion rate constant of RhB increased from 0.02 to 0.0994 min™".
When the dosage increased, the photocatalysis would be increased
with more holes (h*) generated and more electrons (¢) transferred,
which enhances the formation of free radicals and increases the
RhB decomposition. However, when the dosage increased from
300 to 400 and 500 mg/L, the rate constant and the efficiency of

decomposition RhB did not change significantly, which could be
due to the ineffective light contact under the high concentration of
catalyst suspended in the solution. Therefore, we chose a catalyst
content of 300 mg/L to conduct further experiments.

The initial concentration of reactant is an important factor that
directly affects removal efficiency. In this experiment, the initial
RhB concentration was changed in the range of 5-50 mg/L. Simi-
lar to the previous experiments, the RhB decomposition process
complied with the first-order kinetic equation with R*>0.925. The
result in Fig. 10 shows that when the RhB concentration increased,
the decomposition efficiency and rate of RhB decreased. Specifi-
cally; at low RhB concentration of 5 and 10 mg/L, the RhB removal
efficiency reached almost 100% after 30 min. The RhB removal
efficiency was also very high at 99.35% after 50 min of reaction at
RhB concertation of 20 mg/L. The reaction rate constants were cal-
culated to be 0.1411, 0.1104, and 0.0994 min™" at RhB concentra-
tion of 5, 10, and 20 mg/L, respectively. Thus, in the low concen-
tration range of RhB (5-20 mg/L), the removal efficiency and the
rate constant of RhB did not change significantly. When increas-
ing the RhB content to 30 and 50 mg/L, the efficiency after 50 min
achieved 79.56% and 30.45%, respectively, with reaction rate con-
stants of 0.031 and 0.0069 min™", respectively.
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Fig. 9. (a) Effect of photocatalyst dosage on RhB removal and (b)
kinetics of RhB removal at different photocatalyst dosages.

The photocatalytic decomposition rate depends on the forma-
tion of free radicals on the catalytic surface and the possible reac-
tivity between these radicals and the RhB pollutant. When the initial
content of RhB increases, a greater amount of RhB is adsorbed by
the active centers on the surface of the CNFe-97catalyst and reduces
the adsorption of $,0; on the catalytic surface. Hence, the rate of
formation of free radicals (e.g., sulfate and hydroxyl) decreased,
and therefore the decomposition efficiency of RhB decreased. On
the other hand, according to Beers law; the increase in RhB con-
centration prevents light transmission into the solution and the
catalyst surface. Consequently, the absorption of photons by the
catalyst is reduced, resulting in a reduced photocatalytic decompo-
sition. Therefore, the RhB concentration of 20 mg/L was chosen
for the next study to meet the requirements of treatment time and
efficiency for other parameters.

Since the presence of Na,S,0; affects the RhB removal efficiency,
the effect of Na,S,0, concentration was investigated in the range
of 50-400 mg/L. As shown in Fig. 11, the RhB decomposition kinet-
ics at different concentrations of Na,S,Qy also followed the first-
order kinetic equation with R*>0.97. When increasing the Na,S,04
content, the RhB decomposition rate and efficiency both increased
significantly. At a low Na,S,0; content of 50 mg/L, the RhB removal
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Fig. 10. (a) Effect of initial concentration of RhB and (b) kinetics of
RhB removal at different initial RhB concentrations.

efficiency was only 64.62% after 50 min of reaction, which could
be the insufficiency of Na,S,0 for the activation of persulfates to
create free radicals. When increasing the Na,S,04 content from
100 mg/L to 200 mg/L, the RhB removal efficiency reached 85.09%
and 99.35%, respectively, after 50 min and the reaction rate con-
stant also increased from 0.0369 to 0.0994 min '. When increas-
ing the Na,S,0, from 300 mg/L to 400 mg/L, the decomposition
efficiency and the RhB decomposition rate constant did not change
significantly. The reason is that excess persulfate content can react
with sulfate radicals (SO} ) to form less oxidizing persulfate: S,05 +
SO; —S0; +5,0; . Therefore, in the range of Na,S,0; in 200-400
mg/L, the treatment efficiency of RhB did not change significantly.
Based on the above experimental results, we used the Na,S,04
content of 200 mg/L for further experiments.

Since the surface property of the catalyst material changes with
acidic - basic conditions, the pH of the solution is one of the im-
portant factors that affect the treatment efficiency of a photocata-
Iytic process. The effect of solution pH on the RhB removal was
studied in the range of 3-11 and the results are shown in Fig. 12,
showing that pH significantly affects the RhB decomposition. The
change of pH during the reaction time can be found in Fig. S3 of
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Fig. 11. (a) Effect of Na,S,0; content and (b) Kinetics of RhB re-
moval at different Na,S,0; concentrations.

the Supplementary Material, showing a rapid pH decrease in the
first 10 min and a slight decrease after that. The RhB both removal
efficiency and removal rate constant decreased with the increase of
pH from 3-11. Under strongly acidic conditions (pH 3), the RhB
decomposition rate was the fastest with the removal of 99.35% and
a constant rate of 0.0994 min™". At higher pH values, the RhB treat-
ment efficiency began to decline and reached only 48.04% at pH
11. The pHzpc of the material was determined to be 442 (Fig.
12(c)). The tendency for the surface to be positively charged at low
PH helps catalyst to easily interact with S,Oq, which enhances the
activation of free radicals and promotes photochemical processes.
On the other hand, at pH 3, the reaction system may work as a
Fenton-like reaction due to the formation of Fe’* in solution from
redox processes on the surface of the material [33,34]. In contrast,
under alkaline conditions, the CNFe-97 material is weakened due
to the unstable MIL-53(Fe), which reduces the catalytic activity.
Hence, pH 3 was chosen for the next experiments.

In this experiment, the catalytic reusability was evaluated with
five regeneration times by ethanol. CNFe-97 was used and the oper-
ating factors were the same as in previous experiments. The results
in Fig. 13 show a decrease in the treatment capacity after regenera-
tion of the photocatalytic material. Specifically, the efficiency de-
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Fig. 12. (a) RhB removal efficiency in different pH conditions, (b)
Kinetics of RhB removal at pH conditions, and (c) pH,,, plot
(pH;—pH; vs. pH)).

creased from 99.35% to 78.13% after five regeneration times. It
can be concluded that the activity of the material is relatively sta-
ble and that the regeneration after use is feasible. The photocata-
lyst was also applied for the treatment of other dyes (DB-71, MB,
and MO) to evaluate the ability of the catalyst. The results can be
seen in Fig. $4 of the Supplementary Material, proving the applica-
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bility of the catalyst in practical applications of textile wastewater
treatment.

The comparison between g-C;N,/MIL-53(Fe) and other simi-
lar materials for sulfate activation under visible light is summa-
rized in Table S1 of Supplementary Material. It was shown that the
reactive oxidation species such as SO;, O;, HO" and h* play an
important role in the degradation of aqueous pollutants such as
dyes (rhodamine B and methylene blue), antibiotics (tetracycline
and levofloxacin), and bisphenol A. As compared to other cata-
lytic materials, g-C;N,/MIL-53(Fe) (97%) in this study has an advan-
tage for photocatalytic removal of organics in water such as low
dosage of 300 mg/L, high efficiency of 99.35%, high pollutant con-
centration of 20 mg/L, high degradation rate of 0.094 min ", short
reaction time of 50 min, and low persulfate dosage of 0.84 mM.
Besides, the catalyst is made of environmentally friendly compo-
nents (C, N, and Fe) and works under LED with low capital and
operational cost, which is very promising for large-scale applica-
tion in wastewater treatment.

3. Mechanism of Photocatalytic Removal of RhB by CNFe97

In photocatalytic reactions, free radicals can form in intermediate
stages. Under the action of appropriate light, a photoexcited elec-
tron-hole pair will be formed and be the main cause of free radi-
cals. Specifically, after the photo-excited electron-hole formation,
they are transported to the surface of the material and in contact
with the environment. Here, h" will participate in oxidation reac-
tion with water to create free radicals HO" where electrons will
participate in reduction reaction with persulfate and oxygen to
create free radicals such as SO; and O . These free radicals will
play an important role in the decomposition of RhB. To determine
the free radicals that form and play a decisive role in the decom-
position of RhB by the CNFe-97/Na,S,0;/visible light system, a
series of experiments were conducted on free radical quenching
experiments by organic matter such as EDTA-2Na, tert-butanol
(TBA), 14-benzoquinon (BQ), and phenol (PheOH) at 1 mM con-
centrations. In which, EDTA-2Na is capable of extinguishing the
activity of holes (h*) and BQ is capable of quenching the base of
05 (ko; =9.8x10° M "s7"). The reaction speed of TBA with HO'
is faster than SO}~ from 835 to 950 times (Kyy=3.8-7.6x10° M":s™;
Kkgo: =4.0-9.1x10° M "s'); therefore, TBA is capable of quench-
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0 10 20 30 40 50
Time (min)
Fig. 14. Effect of extinguishing agents on RhB removal by the CNFe-
97/Na,S,0s.

ing HO". Phenol can react at a high rate with both SO}~ and HO*
(kso: =8.8x10°M s and ky=6.6x10° M ":s™"); thus phenol is
capable of quenching both SO;” and HO".

The results in Fig. 14 show that the decrease in the decomposi-
tion efficiency of RhB when adding 1 mM of extinguishers is in
the order of BQ (88.14%)>TBA (85.48%)>EDTA-2Na (47.17%)>
PheOH (33.93%). Specifically, BQ and TBA did not significantly
inhibit RhB degradation, while PheOH and EDTA-2Na strongly
inhibited the reaction. Thus, the order of radicals that play a role in
the decomposition of RhB is SO; >h">05 >HO", in which SO}
radicals and photo-excited holes h* play a major role in the de-
composition of RhB. This also indicates that the ability to decom-
pose RhB is due to the photocatalytic activity of the CNFe-97 mate-
rial, not by the adsorption or thermal decomposition processes.

To evaluate the role of oxygen in the photocatalytic process,
instead of continuously aerating, the air was replaced with nitro-
gen gas. Results show that when nitrogen was present, RhB degra-
dation efficiency was reduced from 99.35% to 60.27%. Thus, oxygen
molecules have a large role in the formation of O; and free radi-
cals while it also reduces the electron-hole recombination. This is
the reason that aeration is constantly required in practice for an
effective photocatalytic reaction.

The photocatalytic mechanism of the semiconductor is closely
related to the photocatalytic transition of the photoelectric elec-
tron-hole pair formed by light excitation. This is related to the cova-
lent and conduction band energy values. Values of valence band
energy (Eyz) and conductive band energy (E.;) of materials are
calculated by the following equations [35,36].

Ey=X—E+0.5%E, 3)
ECB:EVB'Eg @

where X is the absolute electronegativity of the material. E, is the
energy of the free electrons on the hydrogen scale (about 4.50 V
compared to the NHE) and E, is the bandgap energy. In the litera-
ture, the X-value for pure g-C,N, was reported at 4.73 eV [32,37].
Based on the UV-Vis DRS spectrum, the E, value of g-C;N, was
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Fig. 15. Proposed mechanism of photocatalytic RhB treatment using CNFe-97.

determined to be 2.72 eV. Thus, the valence and conduction band
energies of g-C;N, were calculated to be 1.60 eV and —1.12 €V, respec-
tively; corresponding to the bandgap energy of 2.72 eV. As a com-
parison, literature studies show that the valence and conduction
band energies of MIL-53(Fe) were 2.19 €V and —0.2 eV, respectively,
with a bandgap energy of 2.39 eV [13,33].

The photocatalytic mechanism is proposed in Fig. 15. After
being activated by visible light, electrons in the CNFe-97 material
are excited and jump onto the conduction band (CB), leaving the
valence band (VB) as h* holes (Reaction 1). Since the conduction
band energy of g-C,N, (—1.12 eV) is lower than the conduction band
energy of MIL-53(Fe) (—0.2 V), the electrons move from the con-
duction band of g-C;N, to MIL-53(Fe). In the valence region, the
holes h* from MIL-53(Fe) transfer to g-C;N,. Reducing reactions
then occur in the conduction region MIL-53(Fe), where the reac-
tion between ¢ and S,0%", O, forms the free radicals of SO;” and
O (Reactions 2 and 3). Sulfate radicals continue to react with
water to form HO' radicals (Reaction 4) while O; reacts with H
to form HO" (Reaction 5). Oxidation reactions occur in the g-
C;N, valence region, where a reaction between the photo-excited
hole h* and water forms the HO" (Reaction 6). SO;, h*, O, and
HO' free radicals would decompose RhB directly into CO,, H,0,
and other secondary pollutant products (Reaction 7). All of these
processes occur continuously and significantly reduce the photo-
excited electron-hole recombination in the CNFe-97 composite
material.

CNFe-97+hv— CNFe-97(e +h") (Re. 1)
e +5,0; —S0; +S0; (Re. 2)
e +0,—0; (Re. 3)
SO; +H,0—S0; +HO'+H' (Re. 4)

0, +H'+2e—>HO+HO (Re. 5)
h'+H,0—HO+H" (Re. 6)
[SO; , h', O; , and HO']+RhB
—Mineralized products+CO,+H,0+50; (Re. 7)
CONCLUSIONS

This study successfully synthesized g-C;N,/MIL-53(Fe) with an
outstanding photocatalytic efficiency at 97 wt% MIL-53(Fe). MIL-
53(Fe) was successfully modified with g-C;N, to improve the photo-
excited electron-hole separation, helping to speed up the decom-
position of RhB. Besides the input concentration and catalytic con-
tent, the presence of oxidizing factors and pH conditions greatly
affects the efficiency of RhB decomposition thanks to the enhance-
ment of electron transport and Fe* formation, which is similar to
the Fenton reaction. The mechanism of the reaction was also pro-
posed, where free radicals have different roles in photocatalytic
processes.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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