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Abstract: Fe-g-C3N4-LUS-1 was prepared by the thermal decomposition of dicyandiamide inside the pores of LUS-1 under an inert atmos-
phere. It was used as a photocatalyst for the hydroxylation of benzene to phenol in sunlight. The catalysts were characterized by Fourier
transform infrared spectroscopy, N, adsorption-desorption, X-ray diffraction, and scanning electron microscopy. In Fe-g-C;N4-LUS-1, a
single layer of graphitic carbon nitride (g-C3N4) was formed on the surface of LUS-1. The photocatalytic activity of the iron containing
g-C3Ny based catalysts was investigated, and the catalytic activity was remarkably enhanced when the reaction condition was changed from

dark to sunlight. The best result was obtained with 20%Fe-g-C3;N4-LUS-1 in sunlight.
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There is increasing interest in the photocatalytic technol-
ogy in catalytic processes for hydrogen production from
splitting water, self-cleaning coatings, high efficiency solar
cells, and dye degradation [1-8]. These processes need con-
siderable energy, and providing the energy is one of the
most important issues. Many attempts have been made to
find photocatalytic processes that utilize a renewable low
cost irradiation source, such as sunlight, instead of expen-
sive artificial irradiation sources [8—12]. Since visible light
comprises a large portion of the solar energy reaching the
surface of the earth, the utilization of visible light will give
a more efficient solar energy usage. To achieve this, a mate-
rial with a suitable band gap for absorbing visible light and
that acts as an oxidative material is needed. Several materi-
als, e.g.,, BiypZnOsg [13], CuO [14], AwTiO, [15],
NiO/InTaO,4 [16], BiVO, [17], and g-C;N, [3,18], have a
suitable band gap for use in photocatalytic processes under
visible light irradiation and in sunlight. The band gap of
graphitic carbon nitride (g-C;N4) was estimated to be 2.7 eV
from its UV-Vis diffuse reflectance spectrum [19], which is
equal to 460 nm wavelength. As a result, g-CsN, can be
used as a photocatalyst in the visible light region. There are
several models for the structure of these compounds. The
tri-s-triazine based model is the predicted most stable struc-
ture of g-CsN, [20,21].

Several methods have been used to synthesize g-C;N,,

e.g., by solid state reaction [21,22], solvothermal reaction
[23,24], thermal decomposition [25], ionothermal reaction
[26], and other methods [27-29]. Several precursors such as
cyanamide, dicyandiamide, melamine, and cyanuric chlo-
ride have been used to get the g-CsN, solid [28-31]. The
easy sublimation of melamine is a serious issue in thermo-
lysis. Dicyandiamide is recommended as a precursor to
suppress this sublimation [20].

g-C;N, has been used as a photocatalyst in several reac-
tions [18,32,33]. Chen et al. [18] investigated the catalytic
performance of graphitic carbon nitride for the direct hy-
droxylation of benzene to phenol. They reported that ben-
zene is adsorbed and activated on g-Cs;N,, and therefore,
this catalyst is a promising catalyst for the hydroxylation of
benzene to phenol. In this work, graphitic carbon nitride
was prepared and loaded on the surface of mesoporous Type
LUS-1 silica. Due to its high surface area (800 cm’/g), long
range ordered pores (average pore diameter 3 nm) and
hydrothermal stability, LUS-1 is a good support for catalytic
reactions such as the hydroxylation of benzene [34]. The
hydroxylation of benzene to phenol over Fe-loaded
mesoporous silica, such as SBA-15 or MCM-41, with dif-
ferent iron contents had been investigated previously
[35,36]. In this study, the properties and applications of
xFe-g-C;N, and xFe-g-C;N,-LUS-1 in the direct hydroxyla-
tion of benzene were studied. These reactions were carried
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in just under sunlight to study if they can be used to reduce
cost.

1 Experimental
1.1 Materials

Silica gel (column chromatography), sodium hydroxide,
dicyandiamide, iron(III) chloride hexahydrate, acetonitrile,
benzene, toluene, hydrogen peroxide (30%), and cetyl-
trimethylammonium bromide (Merck) and p-toluene-sulfo-
nic acid monohydrate (Aldrich) of analytical grade were
used without further purification.

1.2 Characterization

The catalysts were characterized by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), and N, adsorp-
tion-desorption. SEM was carried out on a Hitachi (model
S-4160) apparatus after gold plating of the samples. XRD
patterns were recorded with a Bruker D8-Advance diffrac-
tometer at 26 = 2°-70° with monochromatized K, radiation
(4 =0.1541874 nm) from a Cu source operated at 40 kV/30
mA. FT-IR spectra were obtained with an EQUINOX
5S5BRUKER. N, adsorption-desorption isotherms were ob-
tained using a BELSORP-mini II at =196 °C. All samples
were degassed at 100 °C for 3 h under an inert gas flow
before measurement. The BET equation was used to calcu-
late specific surface area and the BJH equation was used to
calculate the pore size distribution and total pore volume.

1.3 Synthesis of catalysts
1.3.1 Synthesis of g-C3N, and Fe-g-C3N,

g-C;N, was prepared using the method reported by Wang
et al. [18]. In a typical reaction, dicyandiamide (1 g) was
mixed with distilled water (10 ml) and heated to remove the
solvent. The resulting mixture was heated at 600 °C for 4 h
under flowing argon, followed by cooling to room tempera-
ture under the inert atmosphere. For the synthesis of
Fe-g-C;N,, different amounts of FeCl;-6H,0 (0.1, 0.2, 0.3
g) were added to the mixture of dicyandiamide (1 g) and
distilled water (10 ml), and then this solution was heated
until a dry product was obtained. Different amounts of
FeCl; were loaded on g-C;N, to obtain xFe-g-CsN, (x =
10%, 20%, 30%).

1.3.2 Synthesis of xFe-g-C3N,-LUS-1

In a typical synthesis, LUS-1 (1 g, prepared using the

method reported by Badiei et al. [37]) was dispersed in dis-
tilled water (30 ml) with vigorous stirring (named mixture
A). An amount of FeCl;-6H,0 and dicyandiamide were dis-
solved in distilled water (30 ml) (iron(IIl) chlo-
ride/dicyandiamide = 0.1), which was named solution B.
Solution B was gradually added to mixture A to prepare
xFe-g-C;N4-LUS-1 (x (wt%) = [dicyandiamide/LUS-1] X
100%). The mixture of solution A and solution B was heated
at 100 °C to remove water until a reddish mixture was ob-
tained. Finally, the product was obtained by heating the
reddish material at 600 °C under an inert atmosphere for 4
h.

1.3.3 Catalytic test

Catalytic experiments were done to investigate the activ-
ity of the catalysts for the conversion of benzene to phenol.
Solvent (4 ml acetonitrile) was poured into a 50 ml round
bottom flask equipped with a condenser and the temperature
was raised to 60 °C. Benzene (1 ml, 11.3 mmol) and well
milled catalyst (50 mg) were added to the flask. After 0.5 h
stirring, hydrogen peroxide (H,O, 30 wt%, 0.5 ml, 16.5
mmol) was added to the mixture and the reaction mixture
was stirred for 4 h. Then, 5 ml ethanol was poured into the
flask to stop the reaction by capturing remaining hydroxyl
radicals (OH-) and convert the biphasic mixture into a single
phase [38]. All reactions were carried out in dark and in
sunlight (the sunlight reactions were done on sunny days
with an intensity of about 80000 LUX) to evaluate the effect
of light on the catalytic activity of g-C;N,. In addition, the
photocatalytic activities of these catalysts were investigated
using an artificial visible light source (125 W mercury lamp
with an intensity about 67000 LUX with colored filter). The
quantitative analysis of the product was done with a
Perkin-Elmer 8500 GC with an FID detector and toluene as
the internal standard.

2 Result and discussion
2.1 XRD results

Wide angle XRD patterns were used to characterize the
structures of Fe-g-C;N4, LUS-1, and Fe-g-C3N,-LUS-1. The
results are shown in Fig. 1. The predicted structure of
g-C;N, based on tri-s-triazine building blocks (Franklin’s
model) would exhibit two major diffraction peaks in the
XRD pattern corresponding to the (100) and (002) reflection
planes [20,26,33]. Here, these peaks were observed in the
XRD patterns of the synthesized materials (Fig. 1). This
result proved that the synthesized g-C;N, structure was that
predicted by Franklin’s model [21,39]. As shown in Fig.
1(3), two peaks at 13.3° and 27.4° were seen, which were
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Fig. 1. XRD patterns of Fe-g-C3N4-LUS-1 (1), Fe-g-C3N, (2), and g-C3Ny (3).

related to the hole-to-hole and interlayer distance of g-C;N,,
respectively. The first peak was attributed to the in-plane
structural packing of the carbon nitride layers. The peaks at
13.3° and 27.4° gave d;p = 0.665 nm and dy, = 0.326 nm,
respectively [33]. The XRD pattern of Fe-g-C;N, (Fig. 1(2))
showed similar peaks with a small shift and a significant
decrease in the intensity for the latter peak (27.4° to 27.2°).
This observed shift in diffraction angle revealed that dyp,
was increased to 0.328 nm. In the case of the less intense
27.2° diffraction, it was concluded that the introducing of
the iron species into the g-C;N, structure was successful,
and this caused lower crystallinity and consequently lower
diffraction intensity. From the increase in dyy, and decrease
in 27.2° peak intensity, it can be proposed that the iron spe-
cies were loaded between the graphitic layers of carbon
nitrides. With increasing Fe loading in g-C;N,, the crystal-
linity of Fe-g-C;N,4 decreased. Our results were in good
agreement with those of other research groups [40].

The XRD pattern of Fe-g-C;N4-LUS-1 is shown in Fig
1(1). This pattern showed the structural peaks of LUS-1
[34], which confirmed that the LUS-1 structure was re-
tained. The comparison between the XRD patterns of
g-C3N, and Fe-g-C;N,-LUS-1 revealed the disappearance of
the peak at 27.4°, but no change in the intensity of the other
peak at 13.3°. With Fe-g-C;N,, the (002) peak was not de-
tected due to its very low intensity. In addition to other pos-
sibilities for the disappearance of the peak at 27.4°, another
interesting structure can be suggested: it is a single layer of
g-C3N, formed in the pores of LUS-1. The complete under-
standing of this structure needs more studies.

2.2 FT-IR results

The FT-IR spectra of the samples are shown in Fig. 2.
Figure 2(3)—(6) showed a strong absorption peak at 800
cm ', which was attributed to the characteristic breathing
mode of the triazine ring [33,41]. Usually, absorption peaks

3
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Fig. 2. FT-IR spectra of LUS-1 (1), 20%Fe-g-C;N4-LUS-1 (2),

10%Fe-g-CsN4-LUS-1 (3), g-CsNs (4), 10%Fe-g-CsNy (5), 20%Fe-g-
C3N4 (6), and 30%Fe-g-C3N4 (7)

due to the stretching mode of C-N, C=N, ring stretching
and N-H bending vibration in the heterocyclic aromatic ring
system are observed as bands in the 1000-1700 cm™' region
[23,24,31]. The FT-IR spectra of g-C;N, and Fe-g-C;N,
showed these peaks. In the case of xFe-g-CsN,-LUS-1 (x =
10% and 20%), compounds containing C—N and C=N bonds
were incorporated into the structure of the silica support
LUS-1 (Fig. 2(1)) and the overlap of the strong broad peaks
of Si—O-Si with these peaks makes it impossible to assign
the C-N and C=N peaks in Fe-g-C;N,-LUS-1. In addition,
the C=N stretching vibration was observed as a weak ab-
sorption peak appearing at 2200 cm™' and the bands at
3000-3300 cm™' can be assigned to the stretching mode of
NH and NH,.

2.3 N, adsorption-desorption results
The nitrogen adsorption-desorption isotherms for LUS-1

and Fe-g-C;N4-LUS-1 are shown in Fig. 3. The LUS-1 ma-
terial showed a Type IV isotherm that showed the presence
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Fig. 3. N, adsorption-desorption isotherms of LUS-1 and 10%Fe-g-
C3N,-LUS-1.

of mesopores in this material (Fig. 3). On the other hand,
the adsorption-desorption isotherm of Fe-g-C;N,-LUS-1
was a deformed Type IV (Fig. 3) isotherm. It can be con-
cluded that the introduction of Fe-g-C;N, into LUS-1
caused the surface area, average pore diameter, and pore
volume of Fe-g-C;N,-LUS-1 to be lower than those of
LUS-1. From the data in Table 1, due to the loading of the
graphitic carbon nitride in the pores of LUS-1, its surface
area was decreased. In 30%Fe-g-CsN,-LUS-1, the pores of
LUS-1 were blocked and the surface area was much de-
creased to 25 mz/g. Therefore, 30%Fe-g-C;N,-LUS-1 was
not used in the reaction experiments. The structural pa-
rameters of these materials are shown in Table 1.

2.4 SEM results

SEM images of LUS-1 and Fe-g-C;N,-LUS-1 are shown
in Fig. 4. These SEM images gave the morphology of LUS-1
before and after Fe-g-C;N, loading. As the morphology of
the Fe-g-C3N4-LUS-1 did not change during the reaction, it
can be proposed that the morphology of the mesoporous
silica was stable under the reaction conditions.

15.0k%

Table 1 Specific surface area, pore radius, and total pore volume of
LUS-1 and xFe-g-C5N4-LUS-1

Aggt/ Pore radius  Total pore volume
Sample ) 3

(m’/g) (nm) (cm’/g)
LUS-1 776 1.64 0.84
FC-g-C;N4 10 — —
10%Fe-g-C3N4-LUS-1 194 1.21 0.35
20%Fe-g-CsN4-LUS-1 149.3 1.21 0.31
30%Fe-g-C;N4-LUS-1 25 — —

2.5 Catalytic activity

The catalytic reaction results are shown in Fig. 5, Fig.
6, Table 2, and Table 3. The effects of various factors in-
cluding the amount of H,0,, light source, and iron content
on the hydroxylation of benzene to phenol were investi-
gated.

2.5.1 Effect of light source

All reactions were done under both dark and sunlight
conditions to investigate the effect of light on the reaction
performance. From Table 2, the phenol yields in the dark
were negligible compared with those in light. The catalytic
performance was remarkably enhanced when the reaction
condition was changed to be in sunlight. It can be suggested
that g-C;N, adsorbed sunlight and activated Fenton’s re-
agent. In addition, the decomposition of H,0, increased in
the presence of sunlight and this produced more hydroxyl
radicals. Hydroxyl radicals attack the benzene molecules
and produce phenol and other hydroxylated species. To
study the effect of an artificial light source on the reaction
performance, a Hg lamp with a colored filter (violet filter)
was used as a visible light source. The results of these ex-
periments are also shown in Table 2. When the added hy-
drogen peroxide was 0.5 ml, the phenol yields of
10%Fe-g-C3N, were 5% and 5.6% for visible light and
sunlight reactions, respectively. This observation indicated
that the photocatalytic activity of these materials was ap-

1 um

e
15408 R3e.ek 17 oas

Fig. 4. SEM images of LUS-1 (a) and 10%Fe-g-CsN4-LUS-1 (b).
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Fig. 5. Catalytic activity of g-C;Ny4 based catalysts in the hydroxyla-
tion of benzene under sunlight in the presence of different amounts of
H,0,. Reaction conditions: 1 ml benzene, 4 ml acetonitrile, 0.05 g
catalyst, reaction temperature 60 °C. Phenol yield was calculated ac-
cording to the moles of produced phenol/moles of initial benzene.
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Fig. 6. Phenol selectivity of the catalysts in the presence of different
amounts of H,O, under sunlight. Reaction condition: 1 ml benzene, 4
ml acetonitrile, 0.05 g catalyst, reaction temperature 60 °C. Phenol
selectivity was calculated according to the moles of produced phe-

nol/moles of reacted benzene.

proximately similar for the two conditions. Thus, it can be
suggested that the effect of the 125 W Hg lamp and sunlight
on the hydroxylation of benzene was similar. Therefore, all
reactions were done in sunlight instead of the expensive
artificial visible light source.

Table 3 TOF of the catalysts in the presence of different amounts of
hydrogen peroxide under sunlight

TOF (10*°h™)

Sample

0.5 ml 1 ml 2 ml
10%Fe-g-C;Ny 23.7 452 73.4
20%Fe-g-C3N,4 49.1 71.2 98.3
30%Fe-g-C5Ny 67.2 112 137.2
10%Fe-g-C3;N4-LUS-1 674 942 1570
20%Fe-g-C3N,-LUS-1 479 856 1370

2.5.2 Effect of H,0O,

When the amount of hydrogen peroxide was increased
from 0.5 to 2 ml, the phenol yield increased from 2.1% to
6.5% for 10%Fe-g-C;N,, 4% to 8% for 20%Fe-g-C;N,, and
5% to 10.2% for 30%Fe-g-C;N,. The increase in phenol
yield in the presence of more hydrogen peroxide was attrib-
uted to the increase of hydroxyl radicals in the reaction
mixture, which attack benzene rings and produce more hy-
droxylated species of benzene. However, the use of more
hydrogen peroxide resulted in less phenol selectivity. Side
reactions occurred when hydroxyl radicals were added, and
these produced other hydroxylated species of benzene such
as catechol, benzoquinone, etc.

2.5.3 Effect of iron content

To evaluate the effect of iron loading on the hydroxyla-
tion of benzene, graphitic carbon nitride (g-C;N4) with dif-
ferent amounts of iron content was synthesized. When the
iron content was increased, the phenol yield was enhanced.
For example, when the added hydrogen peroxide was 2 ml,
the phenol yield was increased from 6.5% to 10.5% for
10%Fe-g-CsN,; and 30%Fe-g-C3Ny, respectively. This ob-
servation and the mechanism (Fenton’s reaction) of benzene
hydroxylation were useful for interpreting the effect of iron
content on the hydroxylation reaction. Briefly, the presence
of more active iron species in the reaction mixture gave
more of the necessary hydroxyl radicals. Thus, more ben-
zene molecules were converted to the hydroxylated form.

2.5.4 Comparison of unsupported and supported
catalysts

The effect of using a support on the reaction was investi-

Table 2 Phenol yield (%) of Fe-g-C5N, under sunlight and visible light conditions in the presence of different amount of H,O,

0.5ml HzOz 2 ml HzOz
Sample ) I . -
Dark Sunlight Visible light Dark Sunlight Visible light
10%Fe-g-C3N,—LUS-1 0.8 43 4 2.1 10 9.8
20%Fe-g-C3;N4-LUS-1 1.8 5.6 5 4.7 16 15.6

The phenol yield was calculated according to produced phenol/initial benzene.
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(JEILEIR) 2011 & SCI ZMMEF B A8 1.0

FR$ 56 [E] 77 #% 1% (Thomson Reuters) 2012 4F 6 H 29 HAARH 2011 F% AT SHERE Y (Jowrnal Citation
Reports, JCR), (LAY 2011 4 SCT W EF & IR SEHE 1.0, IEE 1171, 285 IR A 1529, 5 FER-ZIAE T4 0.945.
o, SEma R 75 AESE e AT A7 SCI LR B R SCAR A SR MITI S 1 44, 2 D AF R F B 3ok 27 2800 H SCI 52
A7 (e . X R, CHEAL 2R IEAER R 22 1) (5 N A EAT B R 2 2%, % PR [ B 2 AR A AR il — 28
Pem. (AR BRI RGBS A TET KAE# . R SN 2 Kk KK SRS 1, A i [a) 78 36 /s 0 ki

( CHEALZEIRD) iR 2012-07-02)

2011 Impact Factor of Chinese Journal of Catalysis is 1.171

According to the 2011 Journal Citation Reports (JCR) published by Thomson Reuters, the impact factor of Chinese Journal
of Catalysis reached 1.171, which is 56% higher than the previous year. This has been the highest SCI impact factor of
Chinese Journal of Catalysis since she was included in the Science Citation Index-Expanded (SCI-E) in 2001, indicating that
the Journal is now read and referred by more and more readers in the world.

(Editorial Office of Chinese Journal of Catalysis, 2012-07-02)



