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Abstract Oxidative desulfurization is considered to be one of the promising new
methods for super-deep desulfurization of fuel oil. Herein, zinc phthalocyanine/g-
C3N;  (g-C3N4/ZnTcPc) composites were synthesized by a facile in situ
hydrothermal technique, utilizing g-C3N,4, Zn(CH3COO), and 1,2,4-benzenetricar-
boxylic anhydride as the precursors. The crystal structure, morphology and chem-
ical environment of the catalysts were respectively confirmed by X-ray diffraction
(XRD), transmission electron microscopy (TEM) and X-ray photoelectron spec-
troscopy (XPS). Photocatalytic activity of the resulting g-C3N4/ZnTcPc composites
was evaluated by desulfurization of thiophene in fuel under visible light with
molecular O, as the oxidant. Compared with pure g-C3;N4 and ZnTcPc, g-C3N,4/
ZnTcPc presented a significantly enhanced photocatalytic activity for the degra-
dation of thiophene in fuel under visible irradiation. Sulfur content of model
gasoline (800 ppm) after desulfurization for 90 min was decreased to 125 ppm. The
possible preparation pathway of g-C3N4/ZnTcPc has been proposed according to the
results of XRD and TEM. The formation mechanism of g-C3;N4/ZnTcPc-O, com-
plex is proposed to be desulfurization by molecular oxygen.
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Introduction

Deep desulfurization of liquid hydrocarbon fuels has become an important research
subject worldwide due to environmental concern. Thiophene, benzothiophene and
dibenzothiophene as the main sulfur-containing compounds in crude oil pose severe
environmental problems [1]. Removal of thiophene and its alkylated derivatives
from fuel is an interesting and significant subject. Oxidative desulfurization (ODS)
is considered to be one of the promising new methods for super-deep desulfurization
of fuel oil [2-6].

g-C3N, as a novel metal-free polymeric photocatalyst shows outstanding
photocatalysis in the degradation of organic pollutants [7-10]. However, the
photo-excited band of pure g-C3N, is around 450 nm with a band gap of 2.7 eV,
which lies in the UV region [11]. Extensive efforts have been made to improve the
practical photoexcited band of g-C3N,4 [12, 13]. Among these efforts, using dye
compounds, especially metal phthalocyanine (MPc) compounds which possess a
wide visible light response (600-800 nm), have attracted much interest [14—19].
Therefore, electron transfer from MPc to g-C3Ny is more energetically favorable to
a higher electron-hole separation, and the photocatalytic activity of MPc-sensitized
seems to be extraordinarily vital. Furthermore, MPc compounds are able to
photochemically activate triplet oxygen into singlet oxygen ('O,), which is used as a
non-radical oxidant for oxidizing organic pollutants [20]. H,O, is well known
among oxidants for ODS. However, the process involves water in the reaction
system which results in the biphase problems of the mass transfer and oil phase
recovery [21]. Molecular oxygen would be an ideal oxidant for ODS. Molecular
oxygen and iron tetranitrophthalocyanine catalyst have been utilized for direct
oxidation of dibenzothiophene in hydrocarbon solvent under water-free condition
for deep desulfurization [22].

Dipping synthesis is a typical method for MPc-sensitized g-C;N4. g-C3Ny
prepared by thermal decomposition of urea was heat-treated at a high temperature
(500 °C) to promote crystallization [23, 24]. However, the thermal analysis shows
that the decomposition temperature of metal phthalocyanine is about 300 °C.
Recently, a hydrothermal technique has been used extensively for the synthesis of
ceramic materials, which takes advantage of direct preparation at low crystallization
temperature [25-27]. Here, we show a facile in situ hydrothermal technique
developed to synthesize g-C;N,/ZnTcPc homogeneous composite, utilizing g-C;N,
Zn(CH3COO), and 1,2.4-benzenetricarboxylic anhydride as precursors. Change in
the characteristic absorption peaks of the infrared absorption spectrum and larger
changes of the major element binding energy of X-ray photoelectron spectroscopy
(XPS) show the existence of m—m stacking interaction in the composites. The
photocatalytic activity of g-C3N4/ZnTcPc composites was evaluated by the
degradation of the thiophene in fuel under visible light with O, as the oxidant.
The formation mechanism of g-C3;N4/ZnTcPc—O, complex is proposed to be
desulfurization by molecular oxygen.
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Experimental
Materials

1,2,4-benzenetricarboxylic anhydride (99%) was obtained from Alfa Aesar Co., Ltd.
g-C3N,4 was synthesized according to previous literature [28]. All other reagents
were analytical grade and used without further purification.

Characterization

The morphology of the obtained products was characterized by transmission
electron microscopy (TEM, JEM-2010). The overall structure of the assemblies was
recorded by using a Rigaku (Tokyo, Japan) D/max-2400 X-ray diffractometer with
Cu Ko(4 = 0.15406 nm) radiation. The patterns were compared with JCPDS
reference data for phase identification. The structures of the products were further
determined by Fourier transform infrared (FT-IR) absorbance spectrum analysis on
a Bruker Equinox 55 spectrometer (KBr pellets) in the 4000-400-cm ™" range. The
optical absorption properties were investigate using an UV-Vis spectrometer (UV-
2550, Shimadzu). XPS spectra were recorded on a Kratos AXIS ULTRA
spectrometer with a monochromated Al Ko X-ray source (1486.6 eV). The Cls
peak at 284.5 eV was regarded as the reference point of binding energies. The
desulfurization device includes a stainless box vessel, a 400-W halogen HQI-BT
400D lamp (OSRAM, made by SIEMENS Company in Germany) and a 200-ml
beaker. Thiophene concentration in fuel was recorded by using an Agilent 6890 gas
chromatography spectrometer with a flame photometric detector (FPD).

Preparation of g-C3N4

g-C3N, sample was prepared by the thermal decomposition of melamine. White
melamine powder was placed into an alumina crucible and heated in air atmosphere
at 550 °C for 4 h (the heating rate was 2.3 °C/min). After cooling, the pale-yellow
g-C3N,4 product was collected.

Preparation of g-C3;N4/ZnTcPc

The g-C3N4/ZnTcPc composites were synthesized by a facile in situ hydrothermal
technique utilizing g-C3Ny4, Zn(CH5COO), and 1,2,4-benzenetricarboxylic anhy-
dride as the precursors. The weight ratio of ZnTcPc in g-C;Ny4-to-ZnTcPc
compositions was 8%. The mixture was poured into a Teflon-lined autoclave and
put inside the furnace for preparation at 200 °C through temperature-programming
method. The reaction was completed by heating the autoclave to 200 °C and
maintaining the temperature for 6 h. All the samples were recovered by washing
with deionized water followed by centrifugation for three times and dried at 100 °C
in an oven overnight.
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In the control tests, the pure particles of ZnTcPc were prepared under the same
conditions used for preparing g-C3N4/ZnTcPc composites.

Evaluation of photocatalytic activity

The photocatalytic desulfurization experiments were carried out in a 100-mL three-
neck flask connected with an oxygen cylinder, a magnetic stirrer and a reflux
condenser. The appropriate amount (20 mg) of catalysts was added to a fresh
n-octane solution of thiophene (100 mL, 800 uL L™") and molecular oxygen was
bubbled through the reaction solution. Samples (2 mL) were collected every 30 min
from the glass flask and analyzed to determine sulfur concentration. Prior to
analysis, samples were centrifuged to remove catalyst particles. The residue
concentration of thiophene in n-octane and the corresponding sulfone of thiophene
in the eluent extracted with dichloromethane were analyzed via an Agilent 6890 gas
chromatograph equipped with a capillary column (hp-5, 30 x 0.2 x 0.5 mm) and
flame photometric detector. The efficiency of the degradation was calculated with
the formula D (%) = (Cy — C)/Cyx 100%, in which Cy and C are the original
thiophene concentration after the adsorption/desorption equilibrium and the residual
thiophene concentration after the degradation, respectively.

Results and discussion
UV-Vis and FT-IR spectra
As shown in Fig. 1, the UV-Vis spectrum of ZnTcPc shows two peaks, one Q band

peak at 620 and 670 nm, representing the characteristic bands of the dimer and
monomer of ZnTcPc, respectively. The Q band activity was mainly attributed to the
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Fig. 1 UV-Vis pattern of g-C3Ny, g-C3N4/ZnTcPc and ZnTcPc
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monomer. Compared with the ZnTcPc, the absorption of g-C3N4/ZnTcPc samples
are slightly red-shifted from 670 to 674 nm, which is related to m—m stacking
interaction in the composites. Moreover, a shoulder peak at about 620 nm
disappeared, indicating that the phthalocyanine aggregation was significantly
reduced.

Figure 2 shows the FT-IR spectra of the pure g-C3N,, ZnTcPc and g-C3N4/
ZnTcPc. The characteristic vibration peaks assigned to typical g-C3;N, indicated the
successful preparation of the g-C5N,. The peaks at 12001600 cm™" are attributed
to the stretching vibrations of C-N heterocycles. The appearance at 808 cm™ ' is
assigned to the characteristic breathing modes of triazine units [29]. The bands at
730, 907, 945, 1011, 1132, 1287 and 1711 cm™! are assigned to typical the
characteristic peaks of ZnTcPc [30]. The FT-IR spectra of g-C3N4/ZnTcPc samples
indicated the formation of ZnTcPc on the surface of g-C;Ny.

XRD spectra of g-C3Ny/ZnTcPc

The XRD pattern of the highly graphitic-like structures for g-C3;N, samples are
shown in Fig. 3. The characteristic inter-layer stacking (002) peak at 27.6° suggests
the formation of a well-developed C3N, layer structure. Additionally, it should be
noteworthy that an in-planar peak at 13.1° for g-C3N, samples related to an
interplanar separation of 0.682 nm can be observed [31]. The peak at 13.1° is
indexed as (100) in JCPDS 87-1526 [32]. The XRD spectrum indicates that pure
ZnTcPc is completely amorphous. However, with the ZnTcPc formatted on the
surface of g-C3Ny, the typical peaks of ZnTcPc at 6.2° and 25.7° are detected from
XRD pattern for g-C3N4/ZnTcPc samples. Compared with the native g-C3N, from
melamine, the XRD peaks of g-C;N,/ZnTcPc samples are slightly shifted to a lower
angle, which is related to the formation of a ZnTcPc framework. More significantly,
due to the formation of ZnTcPc, the new peaks at 9.4 and 16.7 * of g-C3N4/ZnTcPc
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Fig. 2 FT-IR pattern of g-C3Ny4, g-C3N4/ZnTcPc and ZnTcPc
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Fig. 3 XRD pattern of g-C3Ny, g-C3N4/ZnTcPc and ZnTcPc composites

are observed, demonstrating that weakening the m-n stacking interaction of ZnTcPc
and g-C3N4 has an effect on the structure of g-C3N4/ZnTcPc. It can be concluded
that the diffraction peaks belonging to g-C;N, in the composites are intact, showing
that the introduction of ZnTcPc does not change the graphitic structures of pristine
samples.

XPS spectra of g-C3;Ny/ZnTcPc

XPS measurements were performed to investigate the surface composition and
chemical state of various species. Figure 4 shows the Cls, Nls and Zn2p high-
resolution XPS spectra of g-C3N, and g-C3N,4/ZnTcPc composite. For pure g-C3Ny,
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Fig. 4 High-resolution XPS spectra survey of Cls and Nls obtained in g-C3N, and g-C3N4/ZnTcPc
composite
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the C1s peaks located at 284.4 and 287.6 eV could be attributed to sp°C and a N—-C—
N bond, respectively [33]. Meanwhile, for g-C3;N4/ZnTcPc, the three peaks
correspond to sp2C (284.7 eV), C-COOH (283.6 eV) and N-C-N (287.7 eV),
respectively. According to the N1s peak of ZnTcPc/g-C5N,, the observed electron
binding energy value is 397.9 eV, corresponding to the triazine rings. Meanwhile,
the N1s peak at 398.1 eV is attributed to aza bridging and pyrrole nitrogen atoms
[34]. The weak peak at 399.4 eV indicates the presence of the tertiary nitrogen N—
(C); groups of g-C3N,. The electron binding energy value of amino functions (C—
N-H) is observed at 400.2 eV [35]. Zn 2p3/2 and Zn 2p1/2 peaks of g-C3N4/ZnTcPc
are observed at 1021.9 and 1044.8 eV, respectively, while for pure ZnTcPc, the
binding energy of Zn 2p is slightly higher than that of g-C5;N4/ZnTcPc, which could
be ascribed to the interactions between the g-C3N, support and ZnTcPc particle.
That is a consequence of spin—orbit coupling with the electron-rich surface of
g2-C3N, and an unoccupied Zn orbital.

TEM spectra of g-C3;Ny/ZnTcPc

The TEM images of g-C3N, and g-C3N4/ZnTcPc composites are shown in Fig. 5.
Compared to the pure g-C3;N4 sample, ZnTcPc is well dispersed on the external
surface of g-C3N, because the g-C3N, with high surface area can prevent the
aggregation of ZnTcPc during the preparation of the composite. The good
distribution and coverage of ZnTcPc on the g-C3N, is expected to enhance the
photocatalytic performance of the g-C3N4/ZnTcPc nanocomposites.

Fig. 5 a TEM images of g-C3N4 (x 100,000), b g-C3N4/ZnTcPc (1%mol, x 100,000), ¢ g-C3Ny4
(x 150,000) and d g-C3N4/ZnTcPc (1%mol, x 150,000) composites
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Mechanism of the formation of g-C3N4/ZnTcPc

The proposed formation mechanism of g-C3N4/ZnTcPc composites synthesized by
in situ hydrothermal technique is as follows (Fig. 6). The Zn>" and 1,2,4-
benzenetricarboxylic anhydride molecules were dispersed homogeneously on the
surface to reduce the surface energy of g-CsN4. The Zn®" and 1,2,4-benzenetri-
carboxylic anhydride molecules then undergo a reorganization and recrystallization
process during the hydrothermal process. The physical absorption effect limited the
long-distance movement of the metal phthalocyanine molecules and reduced the
collision with other molecules in farther distances. The phthalocyanine aggregation
was significantly reduced. The metal phthalocyanine molecules formatted on the
particle surfaces of g-C3;N,. m—n interaction between phthalocyanine ZnTcPc and
the g-C3;N, surface was in favor of the electron transfer process from the excited
phthalocyanine to the conduction band of the g-C3N, [36].

Photocatalytic efficiency of g-C;N4/ZnTcPc

The photocatalytic activities of the as-prepared g-C;N4, ZnTcPc and g-C3;Ng/
ZnTcPc were evaluated by the degradation of thiophene in fuel under visible light
irradiation. The photocatalytic activities of blank, g-C3Ny4, ZnTcPc and g-C5N4/
ZnTcPc were 6.97, 59.30, 54.3 and 84.42% after degradation for 90 min,
respectively (Fig. 7). The photocatalytic activity of the g-C3N4/ZnTcPc was
obviously improved 15.12% compared with that of g-C3;N, under visible light
irradiation. The high photocatalytic activity of the samples is due to the electron
transfer process from the excited phthalocyanine to the g-C3N4. The dye-sensitized
g-C3N, makes the light absorption extend to the visible spectral region. In addition,
the uniform dispersion of the ZnTcPc in g-C3Ny particles also contributes to the
higher photocatalytic efficiency of the g-C3N,/ZnTcPc composite. The photocat-
alytic desulfurization rate of the sensitized g-C3;N4/ZnTcPc composite reaches
84.42%. Treatment with superoxide radicals converted the thiophene to a sulfuric
acid radical ion and sulfone. To evaluate the stability of the g-C;N,/ZnTcPc
catalysts, samples were separated from the suspension after photocatalytic
degradation reaction for 90 min, and then collected by centrifugation and dried at
80 °C. The recovered photocatalysts were reused for subsequent photocatalytic
reaction under the same conditions. The degradation rate decreased to 81%. The
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Fig. 6 The proposed formation mechanism of g-C3;N4/ZnTcPc composites
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Fig. 7 The photocatalytic desulfurization rate of g-C3Ny, g-C3N4/ZnTcPc and ZnTcPc composite

results indicate that zinc phthalocyanine still wrapped on the g-C3Ny carrier during
the reaction.

Photocatalytic degradation mechanism of ZnTcPc/g-C;N,

Based on our experimental results and reported literature, a mechanism was
proposed for the photocatalytic activity of g-C3N,4 and g-C3;N,4/ZnTcPc catalysts in
the degradation of thiophene in fuel as follows: first, molecular oxygen was bubbled
through the reaction solution and adsorbed on the surface of g-C3N4/ZnTcPc. What
is more, the dissolved oxygen molecule adsorption and bonding on the metal
phthalocyanine was proposed to be the formation of the g-C3;N4/ZnTcPc-O,
complex. ZnTcPc molecular was stimulated by the light source to produce electron—
hole pairs in the photocatalytic degradation process of thiophene in fuel. O,-ZnTcPc
is immediately converted to ~O,-ZnTcPc™, which is capable of degrading
thiophene. At the same time, since the lowest unoccupied molecular orbital
(LUMO) of ZnTcPc is higher than the conduction band (CB) of g-C3Ny, the excited
electron on ZnTcPc could be easily injected into g-C3N,4, which makes charge
separation more efficient and reduces the probability of recombination (Fig. 8). The
photogenerated electrons on the CB of g-C3N, can further react with dissolved
oxygen to form .0®~, which converts thiophene to a sulfuric acid radical ion and
sulfone [39]. The quantum yield of the photocatalytic redox process increases as a
result of the additional formation of *Oz-ZnTCPc“L and -0~ on g-C3N4/ZnTcPc-0O,
[37, 38].

The thiophene was converted to a sulfuric acid radical ion and sulfone by “O,-
ZnTcPct and -O*". The residue concentration of the corresponding sulfone of
thiophene in the eluent extracted with dichloromethane was analyzed using the
Agilent 6890 gas chromatograph. In order to detect the product SO,*~, the Ba(OH),
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Fig. 8 Photocatalytic degradation mechanism of g-C3;N4/ZnTcPc

solution was added into the resulting water phase, which made precipitates with the
S0,>~ ion [39].

ZnTcPc/C3Ny + hv — ZnTcPc/C3Ny (hy) + ZnTcPc/C3Ny (eqp )
C4H4S + ZnTcPc/C3Ny (hyg) — C4HyS™
O, + ZnTcPc/C3Ny (eEB) — 05
C4HsS*- + -O; — C4H4SO;(sulphone)
CsH;80; + 05 — SO;

SO; + Ba(OH),= BaSO4(|)

Conclusions

The g-C3N4/ZnTcPc composites synthesized by an in situ hydrothermal technique
preserved better dispersion and visible light response. The changing characteristic
absorption peaks of the UV—Vis absorption spectrum and larger changes of the
major element binding energy as per XPS show the presence of strong m—mn
interaction in the composites. n—m interaction between phthalocyanine ZnTcPc and
the g-C3Ny4 surface is in favor of the electron transfer process and reducing the
phthalocyanine aggregation. Adsorption and bonding of oxygen molecules on the
metal phthalocyanine are proposed as the mechanism of formation of the g-C3N,/
ZnTcPc-O, complex, which is beneficial for formation of the oxygen-free radicals
("0,-ZnTcPc™ and -O%7). The photocatalytic degradation desulfurization rate of the
sensitized g-C3N4/ZnTcPc composite reaches 84.42%. The thiophene was converted
to a sulfuric acid radical ion and sulfone by “0,-ZnTcPc™ and -O*~ radicals.
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