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� Catalyst average recyclability was 99.75%.
� 100% sulfur conversion using 2.0_Cu–Fe/TiO2 for model oil and diesel fuel using.
� Sulfur removal for model oil was 97.06% and 2.94% in the 1st and 2nd extraction.
� Sulfur removal for diesel fuel was 78.93% and 21.07% in the 1st and 2nd extraction.
� Extractant used was choline chloride eutectic based ionic liquid.
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An efficient photooxidative–extractive system for deep desulfurization of model fuel and actual diesel
fuel was explored. A series of bimetallic Cu–Fe/TiO2 photocatalysts was synthesized using sol–gel
hydrothermal method and characterized using thermogravimetric analysis (TGA), X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM) coupled with energy dispersive X-ray anal-
ysis (EDX), high resolution transmission electron microscopy (HRTEM) and diffuse reflectance UV–visible
spectroscopy (DR-UV–Vis). The photocatalysts were evaluated for photooxidative–extractive deep desul-
furization of model oil (100, 300 and 500 ppm dibenzothiophene in dodecane) and actual diesel fuel.
2.0 wt% Cu–Fe/TiO2 photocatalyst was identified as the most efficient photocatalyst for the conversion
of sulfur species under mild conditions in the presence of hydrogen peroxide (H2O2:S molar ratio of 4)
as oxidant and eutectic based ionic liquid as extractant. The sulfur conversion in both model oil and
actual diesel fuel reached 100%. The removal of sulfur species from both model oil and actual diesel fuel
was done by two times extraction with a removal of 97.06% and 78.93%, respectively in the first run and
2.94% and 21.07%, respectively in the second run. The photocatalyst was able to be recycled for six cycles
with an average performance of 99.75%.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In fuel combustion process, sulfur species in fuel are trans-
formed into sulfur oxides (SOx), causing air pollution and acid rain
which can accelerate the erosion of historical buildings, destruc-
tion of forests and endangering marine lives. In order to reduce
the negative effects on human health and the environment, reduc-
tion of sulfur content in fuel is desirable [1].

The conventional process for removing sulfur species is
hydrodesulfurization (HDS). However, HDS requires high tempera-
ture (320–380 �C), high pressure (3–7 MPa) and the need to use
expensive hydrogen gas. Moreover, HDS is less effective when it
comes to removing refractory sulfur species such as benzothio-
phenes, and their alkylated derivatives [2]. The major sulfur spe-
cies in diesel fuel are the alkyl dibenzothiophene. Due to steric
hindrance of the alkyl groups, these sulfur species are considered
to be the most refractory sulfur species during HDS [3]. As the reg-
ulation for sulfur content in gasoline and diesel fuel becomes more
stringent, down to 10 ppm (Euro V), it is impossible to employ the
conventional HDS to fulfill the requirement. Therefore, alternative
methods need to be identified. Several technologies such as oxida-
tive desulfurization (ODS) [4,5], extractive desulfurization (EDS)
[6,7], biodesulfurization (BDS) [8,9] and adsorption [10,11] have
been used to remove sulfur species from fuel oil. ODS is considered
to be one of the new methods investigated for deep
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Fig. 1. Thermograms of (a) raw TiO2 and (b) 500_TiO2.
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desulfurization. Lu et al. [12] reported that deep desulfurization
using [Bmim]PF6 as the extractant and Anderson-type catalyst
[(C4H9)4N]4NiMo6O24H6 to oxidize the sulfur could remove 98%
of the dibenzothiophene (DBT) from model diesel at 30 �C in 3 h
with the presence of hydrogen peroxide. It was also reported that
Anderson-type catalyst [(C18H37)2N(CH3)2]5[IMo6O24] could reach
100% conversion of DBT in 10 h using molecular oxygen as the oxi-
dant under mild reaction conditions [13]. Photooxidative reaction
using the free and abundant sunlight is also a promising option.
Matsuzawa et al. [14], reported that DBT and 4,6-dimethyldiben-
zothiophene can be oxidized to sulfoxide and sulfone using tita-
nium dioxide (TiO2) as the photocatalyst. TiO2 has also been
employed under UV radiation as the photocatalyst for removal of
sulfur species from fuel gas with efficiencies as high as 98.5%
[15]. In model gasoline, photooxidation in the presence of O2 fol-
lowed by acetonitrile extraction gave 97.4% sulfur removal [16].
However, these processes require UV radiation making them more
difficult for deployment. Therefore, there is a need to develop a
photocatalyst system that enables the use of renewable energy
resources such as sunlight which provides cleaner and more effi-
cient removal of sulfur species from petroleum fuel oils.
Incorporation of transition metal onto TiO2 structure could pro-
duce photocatalyst that displays activity in visible light. Iron (Fe)
and copper (Cu) have received much attention as metal dopants
as these metals are cheap and abundant in supply. A great deal
of research have been conducted using Cu or Fe doped TiO2, but
co-doped Cu and Fe onto TiO2 is rarely reported. Zhang [17] and
Liu et al. [18] have reported that Cu and Fe co-doping TiO2 led to
significant absorption of visible light and a better photo-activity
compared to un-doped TiO2.

Ionic liquids (ILs) are salts that are liquid below 100 �C. They are
of interest because of their negligible vapor pressure, non flamma-
bility, unusual solvent properties and tunability for task-specific
application. Many have reported on the use of ILs in deep desulfu-
rization of model oil and diesel fuel. 1-butyl-3-methylimidazolium
trifluoromethanesulfonate ([BMIM][Otf]) has been reported for
deep desulfurization of model gasoline and model diesel. It was
able to remove 96% and 93% of thiophene from model gasoline
and model diesel, respectively. It was also reported that
[BMIM][Otf] was able to remove 97.5% of DBT from model diesel
[19]. Other ILs such as 1-ethyl-3-methylimidazolium thiocyanate
([EMIM][SCN]) has also been studied giving 94% and 88% removal
of thiophene in model gasoline and model diesel, respectively. In
addition, [EMIM][SCN] could remove DBT completely from the die-
sel fuel [20]. These ILs however, are quite difficult to synthesize
and therefore extremely expensive. Key requirement for a new sol-
vent is that it should be low in cost, high solute solubility, has a
wide potential window, environmental compatibility and easy to
synthesize. Eutectic based ionic liquid has the potential to fulfill
these criteria.

Another alternative would be to employ photooxidative–ex-
tractive process. Zhao et al. [21] used a quaternary ammonium
IL, Et3NHCl.FeCl3 as an extractant combined with TiO2 photooxida-
tion under UV radiation. More than 98% desulfurization was
observed for gasoline. The disadvantage of utilizing metal-based
ILs is the possibility of complex formation that is soluble in gaso-
line which could degrade its quality. ILs synthesized from glycerol
can be employed effectively at ambient temperature as extractant
that can be recycled. Therefore, quaternary ammonium-glycerol ILs
[22,23] could be an excellent candidate to replace current ILs. In
this study choline chloride-glycerol ionic liquid (CG IL) was
employed as an extractant. It was synthesize according to proce-
dure reported by Abbot et al. [22].

Analyzing and quantifying sulfur species in very low concentra-
tion is very difficult. It is very important to select proper methods
for the determination of sulfur concentration in desulfurized fuel.
Gas chromatograph (GC) coupled with sulfur selective detectors
such as flame photometric detector (FPD), pulsed flame photomet-
ric detector (PFPD), atomic emission detector (AED) or sulfur
chemiluminescene detector (SCD) have been used for the quantita-
tive estimation of sulfur species in commercial fuel [24]. In this
study GC-SCD was used to quantify sulfur removal.

This paper focused on the development of Cu–Fe/TiO2 photocat-
alyst for the photooxidation of sulfur species in model oil and
actual diesel fuel. The photooxidized sulfur species were further
extracted with CG IL. Reaction parameters include, total Cu–Fe
metal loading, H2O2 amount, photocatalyst loading and initial
DBT concentration in model oil. Recycling studies on Cu–Fe/TiO2

was also investigated. The optimized Cu–Fe/TiO2 was further
employed for deep desulfurization of actual diesel fuel.
2. Materials and methods

2.1. Materials and reagents

Titanium tetraisopropoxide, TTIP (Ti(OC3H7)4), n-heptane
(C7H16), anhydrous iron(III) chloride (FeCl3), copper(II) chloride
dihydrate (CuCl2�2H2O), dibenzothiophene, DBT (C12H8S) and dode-
cane (C12H26), were supplied by Merck (Germany). All chemicals
were used without further purification.
2.2. Synthesis of TiO2

Nanoparticle TiO2 was synthesized using a method modified
from that reported by Khan et al. [25]. 27.0 mL of titanium
tetraisopoxide (TTIP) was added into 100 mL of n-heptane as a sol-
vent. The mixture was stirred at 300 rpm for 2 h. Then 7.98 mL of
distilled water was added drop wise to the mixture with a molar
ratio of 1:5 for TTIP:H2O and was left to age for 72 h at room tem-
perature. The obtained sol was transferred to a 100 mL Teflon-lined
autoclave vessel and was heated to 240 �C for 12 h. The resulting
precipitate was dried in the oven at 70 �C for 12 h. After drying,
the raw TiO2 was calcined in a furnace at 400, 500 and 600 �C in
ambient air for 1 h. These calcination temperatures were estimated
from the TGA profile in Fig. 1. The calcination process was carried
out to remove any residual organic substance and also as an activa-
tion process to transform the hydroxides into anatase TiO2. The
optimum calcinations temperature was selected based on the
XRD patterns of the sample in Fig. 2(a). The denotation of the pho-
tocatalysts was: T_TiO2, where ‘T’ represents the calcination tem-
perature in �C. For example, 500_TiO2 represents raw TiO2

calcined at 500 �C.



Fig. 2. XRD patterns of (a) raw TiO2, 400_ TiO2, 500_ TiO2, and 600_ TiO2 and (b)
Cu–Fe/TiO2 photocatalysts with different total metal loading (Cu:Fe mass
composition = 10:1).
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2.3. Preparation of Cu–Fe/TiO2

A series of Cu–Fe/TiO2 photocatalysts with different total metal
loading (1.0, 1.5, 2.0, 2.2 and 2.5 wt%) was prepared using aqueous
wet impregnation method. Based on the XRD patterns of the cal-
cined TiO2; 400_TiO2, 500_TiO2 and 600_TiO2 reported in
Section 3.1.2 and Fig. 2(a), 500_TiO2 was used as the support.
The photocatalysts were prepared with Cu:Fe mass composition
fixed at 10:1. CuCl2�2H2O and FeCl3 were used as metal precursors.
Predetermined amounts of CuCl2�2H2O and FeCl3 salts were dis-
solved in distilled water with continuous stirring. Then, the
required amount of 500_TiO2 support was added into the metal
salt solution. The suspension was stirred for 1 h before the solvent
was evaporated in a water bath at 80 �C and further dried in an
oven at 120 �C for 18 h. The raw photocatalysts were ground into
fine powder and then calcined at 500 �C for 1 h (10 �C min�1 ramp-
ing). The temperature selected was adopted from previous
reported method [26]. The denotation of the photocatalysts was:
a_CuFe, where ‘a’ represents the total Cu–Fe metal loading in
wt%, for example, 2.0_CuFe represents 2.0 wt% of total metal
loading.

2.4. Characterization of photocatalysts

Thermogravimetric analysis on the raw and calcined TiO2 was
conducted using thermal gravimetry analyzer (TGA, Perkin Elmer,
Pyris 1). The X-ray diffraction (XRD) patterns of the raw and cal-
cined TiO2 and also the prepared Cu–Fe/TiO2 photocatalysts were
recorded using Bruker D8 Advance with Cu Ka radiation (40 kV,
40 mA) at 2h angles from 2� to 80� and a scan speed of
4 �C min�1 to determine the active TiO2 phase present.
Morphology of the photocatalysts were examined using field emis-
sion scanning electron microscopy (FESEM, Supra55VP) coupled
with energy dispersive X-ray analysis (EDX) and high resolution
transmission electron microscopy (HRTEM, Zeiss Libra 200). The
light absorption properties of the photocatalysts were recorded
using diffuse reflectance UV–visible spectroscopy (DR-UV–Vis)
where the Shimadzu Spectrometer 3150 was equipped with an
integrated sphere assembly in which BaSO4 was used as the refer-
ence material. Tauc Plot, derived from DR-UV–Vis spectrum was
employed to determine the band gap energy of the photocatalysts.
2.5. Photooxidative–extractive deep desulfurization process

The photooxidative–extractive deep desulfurization process for
the removal of sulfur species involved suspending the photocata-
lyst in model oil containing dibenzothiophene (DBT) as the model
sulfur species in dodecane. Photooxidation was carried out in a
glass photo-reactor positioned below the light source (500 W halo-
gen lamp, k > 400 nm) at a distance of 15 cm between the lamp and
the top of the photo-reactor. Two phases of reactions were con-
ducted where in the first phase, adsorption–desorption equilib-
rium between the model oil and the photocatalyst took place in
the dark. Subsequently, photooxidation process occurred under
visible light illumination in the presence of H2O2. The model oil
was mixed with 1 g L�1 of photocatalyst. Then H2O2 with a molar
ratio of 4:1 (H2O2:S) was added and the suspension was stirred
in the dark for 30 min before the light was switched on. Periodic
sampling was conducted where the photocatalyst was separated
from the model oil by filtration prior to analysis using GC-SCD
(Agilent 7890A gas chromatograph coupled with Agilent 355 sulfur
chemiluminescence detector). It was equipped with DB-1 J & W
123–1033 column (30 m � 320 lm � 1 lm) maintained at 325 �C
with helium as carrier gas flow rate of 1.1 mL min�1. The auto sam-
pler was in split mode (300 �C, 6.1629 psi, 50:1 split ratio at
55 mL min�1, split flow 50 mL min�1, septum purge flow
3 mL min�1) and injection volume of 1.0 lL. The detector settings
were: burner at 800 �C (to ensure complete sulfur combustion),
dual plasma controller at 250–400 torr, 65 sccm of air flow rate,
40 sccm of H2 flow rate and 20–30 mL min�1 at 3–6 psi of ozone
flow rate. The oxidized DBT, which is DBT sulfone (DBTO2) was
removed in the second phase by extraction using the CG IL.
Parameters such as the total Cu–Fe metal loading, H2O2 amount,
photocatalyst loading and initial DBT concentration were
investigated.

The best performing photocatalyst was also employed for pho-
tooxidative–extractive deep desulfurization process on actual die-
sel fuel (309 ppm of sulfur species). The efficiency in converting
sulfur species to oxidized sulfur species in both model oil and
actual diesel was calculated using Eq. (1):

Sulfur conversion ð%Þ ¼ Si � Sf

Si
� 100% ð1Þ

where Si and Sf refer to the initial and final concentrations of sulfur
species in model oil (DBT) or actual diesel fuel, respectively, deter-
mined using GC-SCD. For extraction, CG IL was added to the model
oil (or actual diesel fuel) filtrate in a volume ratio of 1:5 (CG
IL:model oil filtrate or diesel fuel filtrate). The upper layer, being
the filtrate was analyzed using GC-SCD to determine the percentage
of sulfur species and oxidized sulfur species extracted. Both sulfur
species and oxidized sulfur species were extracted using CG IL,



Fig. 3. FESEM micrographs of (a) 500_TiO2, (b) 1.0_CuFe, (c) 1.5_CuFe, (d) 2.0_CuFe, (e) 2.2_CuFe and (f) 2.5_CuFe at 100 kX magnification.
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although the CG IL had higher selectivity for oxidized sulfur species
which is more polar. The extraction efficiency is given in Eq. (2):

Extraction efficiency ð%Þ ¼ SBE � SAE

SBE
� 100% ð2Þ

where SBE and SAE refer to the total concentration of sulfur species
and oxidized sulfur species in the model oil or actual diesel fuel
before and after extraction with CG IL, respectively. For the system’s
efficiency in total sulfur removal, Eq. (3) was used:

Sulfur removal ð%Þ ¼ Si � SAE

Si
� 100% ð3Þ

where Si and SAE refers to the initial concentration of sulfur species
and final total concentration of sulfur species and oxidized sulfur
species in the model oil (DBT and DBTO2) or actual diesel fuel after
extraction with CG IL.

3. Results and discussion

3.1. Characterization of TiO2 and Cu–Fe/TiO2

3.1.1. TGA
The thermogram of raw TiO2 is shown in Fig. 1(a). The first

weight loss (11%) occurred between 50 �C and 155 �C depicting
the removal of physically adsorbed water [27]. A second weight
loss occurred between 155 �C and 240 �C, corresponding to a total
weight loss of 10%. This may be attributed to the decomposition of
residual organics. The third weight lose (5%) was slower compared
to the two previous decomposition occurring from 240 to 550 �C.
The total weight loss observed was 26%. A steady horizontal line
indicates no further weight loss. TGA profile was used to estimate
the calcination temperature range (400–600 �C) for the activation
of the raw TiO2 [28]. The thermogram for TiO2 calcined at 500 �C
for 1 h can be seen in Fig. 1(b). It can be observed that only 5% of
weight loss was detected between 50 and 400 �C which was attrib-
uted to the physical absorbed moisture present in the sample.
Therefore, heat treatment of the raw TiO2 at 500 �C for 1 h was
enough to completely remove any residues entity in the sample.

3.1.2. XRD
XRD patterns of raw and calcined TiO2 were shown in Fig. 2(a).

Raw TiO2 displayed very weak anatase phase. As the calcination
temperature increased, the intensity of the anatase peaks
increased. All the samples displayed typical anatase TiO2 crystal
structure with 2h peaks at 25.3�, 38.0�, 48.3�, 54.8�, 55.8� and
62.6� corresponding to (101), (004), (200), (105), (211) and
(204) planes, respectively [29]. When the photocatalyst was cal-
cined at 600 �C, rutile phase (2h = 27.3�) appeared which signifies
a complete crystallization of the anatase phase. Phase transforma-
tion of anatase to rutile generally is unfavourable because it
reduces the photocatalytic activity [30]. Based on these results,
500 �C was selected as the optimum calcination temperature for
further studies [31].

The effect of Cu–Fe metal loading on the crystallite phase and
crystallinities of the photocatalyst were also analyzed. Fig. 2(b) dis-
plays the XRD patterns of Cu–Fe/TiO2 with different total metal
loading of the Cu–Fe (1.0, 1.5, 2.0, 2.2 and 2.5 wt% at 10:1 mass
composition of Cu:Fe). All the samples displayed typical anatase



Fig. 4. HRTEM micrographs of (a) 500_TiO2, (b) 1.0_CuFe, (c) 1.5_CuFe, (d) 2.0_CuFe, (e) 2.2_CuFe, (f) 2.5_CuFe; and lattice fringes of 2.0_CuFe for (g) anatase TiO2 (101), (h)
CuO (110) and (i) Fe2O3 (311).

Fig. 5. DR-UV–Vis spectra of 500_TiO2 and Cu–Fe/TiO2 photocatalysts with
different total metal loading (Cu:Fe mass composition = 10:1).
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TiO2 crystal structure. The dominant peak at 2h = 25.3� represent-
ing TiO2 anatase (101) plane was observed in all the samples. In
Fig. 2(b), it could be seen that increasing the total metal loading
increased the dominant peak intensity. No indications of the pres-
ence of Cu, Fe or Cu–Fe species in all the XRD patterns. This may be
due to high dispersion of Cu and Fe species and also the low metal
content [32], which are below the detection limit of the equipment
[33]. In order for the metal to be detectable by XRD analysis, the
concentration of metals should be higher than 5 wt% [34]. It can
also be seen that there are no peaks attributed to the rutile phase.
This might be due to the calcination temperature, as the transition
from anatase to the rutile phase normally occurs at temperature
above 600 �C.

The dominant anatase peak (2h = 25.3�) was used to estimate
the crystallite size of the photocatalysts using Debye Scherrer’s
equation shown in Eq. (4) [35].

D ¼ Kk
FWHM cos h

ð4Þ

where D is the crystallite size, K is the Scherrer constant which
accounts for the shape of the particles and is generally taken to have
the value of 0.89 [29], k is the wavelength of the X-ray, FHWN is the
full width at half maximum of the reflection peak that has the same
maximum intensity in the diffraction pattern, and cosh is the
diffraction angle. The estimated crystallite size for raw TiO2 was
5.75 nm. The crystallite size increased from 10.42 to 11.50 and
26.84 nm for TiO2 calcined at 400, 500 and 600 �C, respectively.
All photocatalysts doped with metal displayed high intensity for
the diffraction peak at 2h = 25.3� (101), signalling larger crystal size
compared to TiO2 photocatalyst without metal doping. As the total
metal loading increased from 1.0 wt% to 2.5 wt%, an increasing
trend in the crystallite size was observed. 2.5_CuFe showed the



Fig. 6. Effect of total Cu–Fe metal loading on deep desulfurization performance
(Cu:Fe mass composition = 10:1).
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largest crystallite size of 20.13 nm. The average crystallite size for
1.0_CuFe, 1.5_CuFe, 2.0_CuFe and 2.2_CuFe were 13.42, 14.07,
16.11 and 17.42 nm, respectively. The increase in crystallite size
may be ascribed to the increase in total metal loading and to the
increased agglomeration between Cu, Fe and TiO2 particles during
calcination [36].

3.1.3. FESEM and HRTEM
The morphologies of the photocatalysts such as crystallite

shape, size, and metal dispersion were determined by FESEM-
EDX and HRTEM. Fig. 3(a–f) displays the FESEM micrographs of
bare TiO2 and Cu–Fe/TiO2 at different metal loadings. The particles
of bare TiO2 were small compared to the metal doped photocata-
lysts with average particle size of 11.39 nm. As the total metal
loading of Cu–Fe increased from 1.0, 1.5, 2.0, 2.2 and 2.5 wt%, the
average particle size also increased from 13.09, 14.51, 15.59,
17.33 and 20.53 nm, respectively. The morphology of the particles
was spherical with increased agglomeration when the total metal
loading of Cu and Fe increased [37]. No localized metal particles
were detected, indicating high metallic dispersion of Cu and Fe
on the TiO2. This observation is in agreement with the results from
XRD.

EDX is used to qualitatively and quantitatively analyze the ele-
ments present in a selected area of the FESEM image. Mapping of
Fig. 7. Effect of different H2O2:S molar ratio on DBT conversion.
2.0_CuFe shows very clearly that the Cu and Fe metal dopant were
well dispersed showing uniform distribution onto the surface of
TiO2. As mentioned before, the presence of Cu and Fe metals were
not detected by XRD because of the well dispersed small crystallite
size of the metal species on the photocatalyst, enhancing the pho-
tocatalytic activity [38]. Similar mapping images were obtained for
other photocatalysts, showing that the preparation method has
successfully incorporated Cu and Fe onto the TiO2 surface.

Image processing analysis of HRTEM micrographs were used to
achieve the refinement of microstructure for more accurate analy-
sis of single grains and grains boundaries. Fig. 4(a–f) displays the
HRTEM micrographs of Cu–Fe/TiO2 photocatalysts at different total
metal loading. The estimated particle size were 10.11–15.91,
11.32–15.02, 11.78–16.93, 13.51–20.67 and 15.38–22.19 nm for
1.0, 1.5, 2.0, 2.2 and 2.5 wt%, respectively These particle sizes are
in good agreement with the average particle size obtained from
FESEM data. HRTEM micrographs of the photocatalysts suggest
that particles in the photocatalysts tend to stick to each other.
This is possible due to high content of surface hydroxyl groups con-
tributing toward the hydrophilic properties [39]. The lattice fringes
of 2.0_CuFe photocatalyst are displayed in Fig. 4(g–i) with d-spac-
ing of 0.36 nm that can be attributed to the (101) plane of the ana-
tase TiO2 phase [40]. There is no sight of lattice fringe related to
rutile TiO2. This is in agreement to the results from XRD which
showed only anatase phase. In addition to that, the lattice fringes
of 0.27 nm and 0.25 were observed which could be ascribed to
the (110) plane of CuO [41] and (311) plane of Fe2O3 [42].

3.1.4. DR-UV–Vis
Fig. 5 shows the DR-UV–Vis absorption spectra of photocata-

lysts with different total metal loading, together with 500_TiO2.
The absorption spectrum for 500_TiO2 showed an absorption edge
at 400 nm corresponding to the band gap of 3.09 eV. When TiO2

was doped with 1.0 wt% Cu–Fe, a large shift of the absorbance edge
was observed which is in agreement with the color change of the
photocatalyst from white powder to yellowish green due to the
presence of Fe and Cu. This significant shift of the edge could also
be seen for 1.5_CuFe, 2.2_CuFe and 2.5_CuFe. 2.0_CuFe displayed
the largest shift. All the spectra indicated that the Cu–Fe/TiO2 pho-
tocatalysts display better visible light absorption compared to syn-
thesized TiO2. All of the doped TiO2 shows extended absorption
spectra into visible region in the range from 400 to 800 nm. Cu–
Fe doped TiO2 sample showed substantial and broader absorption
shoulder up to 800 nm. The extended absorption of Cu–Fe/TiO2

samples into the visible region has been explained in terms of exci-
tation of electrons of dopant ion to TiO2 conduction band. For
example, the enhanced absorption observed for the metal doped
Fig. 8. Effect of photocatalyst loading on DBT conversion.



Fig. 9. DBT conversion and sulfur removal for different initial DBT concentration in
model oil.
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TiO2 samples doped with Cu–Fe in the visible region can be consid-
ered to involve excitation of 3d electrons of dopant ion to TiO2 con-
duction band according to their respective energy levels [43,44].
The enhancement of light absorption in the visible region provides
a possibility for improving the photocatalytic performance of TiO2

under visible light irradiation. Doping with Cu–Fe could create sub-
band states in the band gap of TiO2 which can then be easily
excited to produce more electron–hole pairs under visible light
irridation, hence resulting in higher photocatalytic performance
compared to un-doped TiO2 [44].

In order to determine the band gap energy of the photocata-
lysts, reflectance [F(R)] spectra using Kubelka–Munk formalism
and Tauc plot was employed for each synthesized photocatalysts
[45]. Using the Tauc plot of [F(R).hv]n vs. hv where hv is the photon
energy and n = ½ for direct band gap of the photocatalyst, the lin-
ear region of the plot was extrapolated to intersect on the photon
energy axis to deduce the band gap energy of the photocatalyst.
The band gap of bare TiO2 was 3.09 eV but upon incorporation of
Cu and Fe (2.0_CuFe), the value was reduced to 2.69 eV. The band
gap for 1.0_CuFe, 1.5_CuFe, 2.2_CuFe and 2.5_CuFe were 2.75, 2.77,
2.70 and 2.75 eV, respectively. The blue shift in the absorption of
photocatalysts suggested that the dopants successfully generate
lower energy level between the valence and conduction bands
[34]. The estimated band gap energy of metal doped TiO2 was
lower compared to TiO2 P25 (3.2 eV) [46]. Decrease in the band
gap energy increases the absorbance in the visible region and indi-
cates that the electron–hole pairs can be generated with metal
doping on the TiO2, which can be attributed to the charge transfer
transition between metal ions and TiO2 in the conduction or
valence band [47].

3.2. Photooxidative–extractive deep desulfurization performance

3.2.1. Effect of total metal loading
The photocatalytic activity was investigated using 100 ppm

model oil. The total percentage of sulfur conversion was deter-
mined as the photocatalyst performance indicator. The findings
are depicted in Fig. 6. It could be seen that the lowest performance
of the system was obtained using 1.0_CuFe (44.87% DBT conver-
sion, 3.77% DBT extracted, 100% DBTO2 extracted and 48.64% total
sulfur removal). Increasing the total metal loading to 1.5 wt% and
2.0 wt% enhanced DBT conversion to 65.33% and 100%,
respectively, with total sulfur removal of 69.67% and 97.06%,
respectively. At higher total metal loading (>2.0 wt%), the particles
were highly agglomerated, thus reducing the surface area available
for photooxidation process. From these results, the best total metal
loading was identified as 2.0 wt% and 2.0_CuFe was used for fur-
ther studies.

3.2.2. Effect of H2O2 amount
The addition of an oxidant has proven to enhance the photoox-

idation efficiency. Fig. 7 shows the DBT conversion for different
H2O2:S molar ratios. Without the addition of H2O2, it took 5 h for
the DBT conversion to reach 100%. When the amount of H2O2:S
used was 2 and 4, the time taken for DBT conversion reduced.
Both reached 100% DBT conversion within 3 h and 2 h, respec-
tively. Two DBT conversion curves almost coincided with little
change in the values, when the H2O2:S molar ratio was 4 and 6.
Again both showed 100% DBT conversion in 2 h. This showed that
the dosage of H2O2 was excessive when H2O2:S molar ratio was 6.
Increasing further the H2O2:S molar ratio to 8, the time taken to
reach 100% was increased to 4 h. This might be caused by the for-
mation of excessive amount of gas upon irradiation of large
amount of H2O2 that could hamper the adsorption of reactant on
the photocatalyst surface to reduce the reaction probability, which
functions as a scavenger of �OH free radicals, leading to an increase
in the reaction time [48]. The H2O2:S molar ratio of 4 was selected
for further studies because of the shortest time taken for complete
DBT conversion.

3.2.3. Effect of photocatalyst loading
The optimum photocatalyst loading must be determined in

order to avoid excess catalyst and to ensure total absorption of
photons. Optimum loading corresponds to the maximum amount
of photocatalyst needed to achieving total surface illumination.
The effect of photocatalyst loading was investigated by keeping
constant other parameters such as: H2O2:S molar ratio of 4 and ini-
tial DBT concentration of 100 ppm. The range of photocatalyst
loading tested was between 0.5–2.5 g L�1, as seen in Fig. 8. The
lowest DBT conversion was at photocatalyst loading of 0.5 g L�1

with 53.4% DBT conversion. DBT conversion reached 100% for pho-
tocatalyst loading of 1.0 and 1.5 g L�1. The higher DBT conversion
may be due to the increased availability of surface area. This
increases the adsorption sites, which directly increases the adsorp-
tion of photon and also increases the concentration of active spe-
cies. Increasing the photocatalyst loading to 2.0 and 2.5 g L�1

decreased the DBT conversion to 82.3 and 62.5%, respectively, indi-
cating that overdosing the photocatalyst has negative influence on
DBT conversion. This may be due to low penetration of light into
the solution and high light scattering caused by the high concen-
tration of photocatalyst, which can decrease the DBT conversion
and thus reduce the overall performance. In addition, the photocat-
alyst tends to agglomerate and settle down at higher concentra-
tion. From the results, the optimum photocatalyst loading was be
determined as 1 g L�1.

3.2.4. Effect of initial DBT concentration
Under the same conditions, DBT conversions for different initial

DBT concentrations are shown in Fig. 9. It was clear that that the
DBT conversion in all the model oils with 100, 300 and 500 ppm
of DBT was 100%. Fig. 9 also shows the amount of DBTO2 extracted
in the first run, second run and also the total sulfur (DBT and
DBTO2) removal. For initial concentration of 100 ppm DBT,
97.06% of the DBTO2 was extracted in the first run and 2.94% in
the second. The total removal was 100% after two cycles of extrac-
tion. The same trend could be observed for concentrations of 300
and 500 ppm DBT, where in the first run 91.02% and 65.91% of
DBTO2 was extracted followed by 8.98% and 34.09% in the second
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run for 300 and 500 ppm DBT, respectively. It can also be seen that
when increasing the DBT concentration, the extraction of the oxi-
dized sulfur species becomes less efficient.

3.2.5. Recycling of 2.0_CuFe photocatalyst
After the reaction, the photocatalyst was washed with water,

filtered and then dried in the oven at 120 �C. Under similar reaction
conditions, six recycling runs using the washed photocatalyst
showed 99.5–100% sulfur conversion with an average recyclability
of 99.75%.

3.2.6. Sulfur removal from actual diesel fuel
Under the same conditions as the model oil, photooxidative–ex-

tractive deep desulfurization was carried out on actual diesel fuel.
After 3 h, the sulfur conversion in actual diesel fuel reached 100%.
In the first extraction 78.93% of oxidized sulfur species was
extracted followed by 21.07% in the second extraction. The extrac-
tion was conducted in two cycles as the first extraction could only
remove 78.93% of the oxidized sulfur species. This may be due to
the saturation of oxidized sulfur species in the CG IL, preventing
further extraction of the oxidized sulfur species. In the second
cycle, the remaining oxidized sulfur species could be removed giv-
ing a total sulfur removal of 100%. Fig. 10(a) and (b) show the GC
chromatograms of actual diesel fuel before and after photooxida-
tion, respectively. As can be seen in the figures, all the sulfur spe-
cies peaks from actual diesel fuel were shifted indicating that the
sulfur species have been fully oxidized. Fig. 10(c) and (d) displays
the GC chromatograms of actual diesel fuel after the first and sec-
ond extraction with CG IL, respectively. It can be seen that the
peaks intensity in Fig. 10(c) has reduced and in Fig. 10(d) there
was no sulfur peaks detected indicating complete sulfur removal.
4. Conclusion

In summary, Cu–Fe/TiO2 photocatalysts were synthesized using
wet-impregnation method. It was shown that the photocatalytic
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activity of Cu–Fe/TiO2 was better than that of bare TiO2 photocat-
alyst. Sulfur conversion using 2.0_CuFe could reach 100% conver-
sion within 2 h. The optimum experimental conditions proposed
were: H2O2:S = 4, and 1 g�L�1 photocatalyst loading. The photocat-
alyst could be recycled and reused with an average recyclability of
99.75%. 2.0_CuFe could also reach 100% sulfur conversion when
used on actual diesel fuel. The photooxidative–extractive method
using 2.0_CuFe and CG IL gave 100% sulfur removal.
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