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Abstract

In the present study, dual-functional CuO-Fe;O4 magnetic nanocomposites (MNCs) have been
prepared through a simple impregnation method and used as catalyst for photocatalytic
oxidative desulfurization of model-fuel (dibenzothiophene, DBT in n-hexane) and real naphtha
at moderate conditions. The CuO-Fes0s MNCs were characterized by X-ray diffraction, BET
surface area and pore volume using nitrogen adsorption—desorption and VSM methods. The
effects of different reaction parameters such as initial DBT concentration in model-fuel, CuO-
FesOs MNCs dose, reaction time, H,O,/DBT molar ratio and CuO:FesO4 weight ratio of the
MNCs were studied in detail. Results for model-fuel treatment showed that the prepared
nanocomposite can eliminate 95.2% of DBT after 120 min under the following conditions:
CuO:Fe304 weight ratio of 1:1, catalyst dose of 10 g/L, H.O2/DBT mole ratio of 7.5:1 and initial
DBT concentration of 250 mg/L. Furthermore, 93% of sulfur conversion was obtained for
naphtha fuel (initial sulfur concentration of 533 mg/L) after 240 min reaction time. The
synthesized CuO-Fe3;04 magnetic nanocomposites combines the photocatalytic activity of CuO
and the adsorption capacity of both FesOs and CuO species, which make it have important

applications in the deep desulfurization of liquid fuels.
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1. Introduction

Existence of sulfur in liquid petroleum fuels may cause several significant problems

such as catalyst poisoning in many oil refining processes. Furthermore, it's a main cause
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of corrosion in pumping, pipeline and burners. During combustion, liquid fuels, which
contain high levels of sulfur, will generate SOx emissions which are the main source of
environment pollution and acid rains [1-3]. Consequently, removing of sulfur
compounds (such as thiols, sulfides, and thiophenic compounds) from liquid fuels is

highly significant in the petroleum refining industry.

Conventionally, hydrodesulfurization (HDS) process have been proposed for removing
of sulfur from liquid fractions using catalyst under high temperature and pressure in the
presence of hydrogen gas. HDS process is highly effective for the reduction of thiols,
sulfides and disulfide, but aromatic sulfur compounds such as thiophene and its
derivatives are recalcitrant and less reactive in HDS process [4, 5]. So as to meet the
ultra-low sulfur level rules, the refractory thiophenic compounds should also be
removed. HDS is very expensive and it is carried out under high conditions of
temperature and pressure to be able to desulfurize these refractory sulfur compounds

[6].

Numerous improving techniques such as reactive adsorption, extraction,
biodesulfurization, and oxidative desulphurization are recommended to complement the

conventional HDS process for clean fuels production [7]. Due to the availability of the
required materials with no expensive operating conditions as in HDS, Oxidative
desulfurization (ODS) is considered to be one of the favorable techniques for deep
desulfurization of liquid petroleum fuels [8-12]. The photocatalytic oxidative
desulfurization is attracting particular interest, due to its low operating cost and
moderate conditions [13].

Several catalytic materials have been used for water treatment for kinds of pollutants.
UVI/TIO, system has appeared as a promising photocatalyst for the degradation of
several organic pollutants in numerous applications [14]. Recently, many studies have
been dedicated on applications of CuO in photocatalysis under visible light irradiation
because of its excellent photoconductive and photochemical activity [15, 16].
Furthermore, Fe3O4 nanoparticles are also highly favored for removal of a wide range of
pollutants, due to magnetic properties, high adsorption capacity, low cost, and ease of

production [17]. Therefore, it can be expected that the CuO-Fez04 nanocomposites may



possess a good capability of the organosulfur photocatalytic degradation from liquid
fuels and can be easily recovered from the slurry reactor using an external magnetic
field.

The details concerning photocatalytic oxidative desulfurization of liquid fuels using
magnetic photocatalysts are still vague. There have been many reports in the literature
on degradation of organic pollutants from wastewater using magnetic photocatalyst.
However, there are limit studies on the using of magnetic nanocomposite as
photocatalyst in the oxidative desulfurization of liquid fuels. Regarding the above
remarks, the aim of this work is to synthesis magnetic CuO:Fe304 nanocomposites
consists of magnetic FesO4 nanoparticles as a carrier coated with CuO with different
CuO to FesOs weight ratios and studied its performance for the first time for
desulfurization model (DBT in n-hexane) fuel using photocatalytic oxidative
desulfurization method. The effects of main factors on the sulfur conversion during
photocatalytic reaction were studied. Finally, the applicability of the proposed

photocatalytic oxidation system for real naphtha desulfurization is investigated.

2. Materials and Methods

2.1 Materials

All chemicals used were AR-grade. Ferric chloride FeClz.6H20 (98%), ferrous sulfate
FeS04.7H20 (99%), sodium hydroxide (98%) and cupric chloride CuCl..2H,O were
purchased from Merck and used directly to fabricate CuO-FesOs MNCs. 30 wt% H20-
(Merck) was used as oxidant. Dibenzothiophene, DBT (99.9 %) and n-hexane (99.8 %)
supplied by Sigma-Aldrich were used to prepare the model-fuel. Naphtha fraction (30-
182 °C) supplied by AL-Dura refinery, Middle Oil Company, Baghdad, Irag was used
as a real-fuel in this study. The characteristics of naphtha fraction are listed in Table 1.

2.2 CuO-Fes04 MNCs Synthesis and characterization

Fe304-CuO MNCs were prepared according to the method given by San C., et al. [18] in
two steps. Firstly, FesO4 and CuO nanoparticles were prepared simply by chemical



coprecipitation method. Then, CuO-Fe3sOs MNCs were prepared in different CuO: FesO4
weight ratios by simple impregnation of FesOs MNPs in CuCl,.2H20 solution.

Fes0s MNPs were prepared by dissolving the required amounts of FeCls.6H.O and
FeSO4.7H20 using magnetic stirrer at a mole ratio of 2:1 in 500 ml of distilled water at
70 °C for 60 min. Subsequently, 10 M NaOH solution was added dropwise into the
solution to raise the pH about 10 to 11. The solution turned from brown to black
evidence to precipitate the FesOs MNPs. The resulting MNPs suspension was allowed to
cool to room temperature and then magnetically separated using simple magnet, dried
and stored in in a desiccator.

CuO NPs were synthesized according to [19] by precipitation in aqueous media using
CuCl as precursor. 0.1 M of copper chloride was prepared by dissolving the
appropriate weight of CuClz in 100 ml of deionized water. 0.1 M of NaOH solution was
slowly added under stirring until pH reached to 14 where black precipitate was
produced. The precipitate was then washed several times by deionized water and
ethanol till pH reached 7. Then, the precipitate was dried at 90 °C for 16 h and lastly
calcined at 500 °C for 3 h.

CuO-Fe304 MNCs were then fabricated by impregnation method with a known weight
of as prepared FezOs MNPs which previously dispersed in an ultrasonic stirrer (Sigma-
Aldrich, Inc., Germany, at frequency of 50 kHz) for 1 h and a solution containing
CuCl2.2H20. The mixture was strongly stirred using magnetic stirrer for 10 h and added
with 1 M NaOH to rise up pH to 13. After that, the CuO-Fes0s MNCs were
magnetically separated and washed with water three times, then dried for 16 h at 60 °C
under vacuum. Finally, the dry CuO-FesOs MNCs were stored in a desiccator for
supplementary use. CuO-Fe3O4 MNCs were prepared with weight ratio of 0.5:1, 1:1 and
2:1 of CuO to Fe3O4 and denoted as CF0.5, CF1 and CF2 respectively.

Structural phase analysis of the as-prepared FesOs MNPs and CuO-FezOs MNCs was
performed by X-Ray Diffraction (XRD) by Rigaku, D/Max-2000 diffractometer using
Cu Ko radiation using wavelength (L) = 1.5406 A°, tube-voltage = 40 kV, tube-current
=30 mA, and at 20 range = 20° to 70°. For surface area and pore volume measurements,

full N2 adsorption-desorption isotherms at -196 °C were measured using Surface Area



and Pore volume Analyzer (Quantachrome Autosorb-6iSA, USA). The N. uptake
provided a linear fit to the Brunauer-Emmett-Teller (BET) equation. The magnetization
properties of FesOs MNPs and CF1 MNCs were examined using vibrating-sample-

magnetometery VSM (model EZ7, Microsence, Japan).

The UV-visible absorption spectrum of as-prepared CuO, Fe3Os and CuO-Fe304 (with
different CuO:FesOs weight ratio) were also studied wusing UV-visible
photospectrometer model Perkin Elmer 5000, Italy. The CuO, Fe3Os and CuO-Fe304
were dispersed in ethanol with concentration of each 0.01 g/ml before currying out the

test.

2.3 Photocatalytic oxidative desulfurization experiments

A batch photocatalytic oxidative desulfurization technique was used to investigate DBT
removal from model-fuel at ambient temperature. The adsorption property of CuO-
Fe30s MNCs was also tested. The photocatalytic oxidative desulfurization experiments
included studying the effect of different parameters such as CuO:FezO4 weight ratio of
the catalyst (0.5:1, 1:1 and 2:1), initial DBT concentration (125-1000 mg/L), CuO-
Fe304 catalyst loading (5-30 g/L) and H.O2/DBT mole ratio (5-10). The reaction system
consisted of a 100 ml glass flask as photochemical reactor immersed in thermostatic
water bath, magnetic stirrer (stirring speed of 350 rpm) and a 350 W HP Mercury lamp,
93136E (Philips Lighting Co., Ltd, Holland) as a visible light source with light intensity
of 6.63 klux.

In a typical experiment, 0.5 g CuO-Fez0s (CF1) was dispersed in 50 mL model-fuel
(giving a catalyst loading of 10 g/L) at an initial DBT concentration of 250 mg/L and
added into the photocatalytic reactor with constant stirring, then, the mixed solution was
placed in the dark for 30 min to reach adsorption-desorption equilibrium state [20].
Subsequently, a specific amount of H20. oxidant (H2O2/DBT mole ratio = 7.5:1) was
added into the reactor and the reaction system exposed to irradiated with the HP Hg
lamp. 2 ml of the suspension samples were collected every predetermined time period,

centrifuged and the clear oil in the upper layer was analyzed.



Further photocatalytic reaction experiments were carried out for oxidative
desulfurization of real naphtha fuel (Table 1). The operation conditions of these

experiments include using CF1 as photocatalyst (CuO:Fe3Os weight ratio = 1:1),

naphtha-fuel volume = 50 ml, CF1 catalyst weight = 0.5 g (catalyst loading of 10 g/L),
H202/S molar ratio = 7.5:1 (sulfur molecular weight was assumed to be the same of

DBT), initial sulfur content = 533 mg/L and reaction temperature = 30°C. 3 ml

samples were withdrawn from the reactor every a specific period of time, centrifuged

and the upper (oil) layer of the sample was analyzed for sulfur concentration.

The sulfur concentration was determined by X-ray fluorescence sulfur in oil analyzer
(model SLFA-2100, Horiba Ltd., Japan). In all desulfurization experiments, sulfur
removal percent was determined in term DBT/sulfur conversion from the following

relation:

X(%) = % x 100 (1)

Where X(%) is the conversion, C, is the initial DBT/sulfur concentrations (mg/L),

Ct is the DBT/sulfur concentration (mg/L) at reaction time (t).

3. Results and Discussions
3.1 CuO-Fe304 MNCs characterization

The XRD pattern of the synthesized FesOs MNPs, CuO NPs and CuO-FesO4s MNCs
(CF1) at 26 ranging from 20° to 70° is illustrated in Fig.1. A series of diffraction peaks
(at 20 = 30.336°, 35.73°, 43.393°, 54.79°, 58.8°, 62.99°) were present and matched very
well with planes of (220), (311), (400), (422), (511), and (440) of standard FesO4
according to the JCPDs card (no. 88-0315). Besides Fez04 peaks, others new peaks for
CuO-Fe304 sample at 26 = 33.4° 38.85° 51.5° and 61.1° were recognized and they
were indexed for the crystal planes of (110), (111), (020), (311) of CuO patterns



according to the JCPDs card (no. JCPDs 48-1548) [21], which confirmed that the
synthesized catalyst was CuO-Fe30s. SEM image of the CuO-FezO4 nanocomposite

(CF1) was presented in Fig.2.

BET analysis (Seer and Vp), particle size (dp), and saturation magnetization (Ms) of
Fe304 MNPs and CuO-Fe304 nanocomposites are summarized in Table 2.

According to the Brunauer Deming-Deming Teller (BDDT) classification [22], the
shape of the N2 absorption—desorption isotherm of the composite is analogous to IV
type, and the hysteresis loops seem to be of H3 type. This specifies that CF1
nanocomposites have a mesoporous structure. As shown in the pore size distribution
curve (insert Fig.3), the pore diameter within the range 2-50 nm, this result further
confirmed that the nanocomposites are generally mesoporous. The BET surface area,
pore size, and pore volume of the CF1 nanocomposite is 72.5 m?/g, 8.6 nm, and 0.273

cm?®/g, respectively.

The magnetic hysteresis loops of as-synthesized FesOs MNPs and the CF1
nanocomposite were determined at room temperature and the results are demonstrated
in Fig.4. The magnetization/hysteresis curves show that both Fes0s MNPs and CF1
nanocomposite are magnetic and Fe304 have a magnetization saturation value (Ms) of
43.5 emu/g while that of CF1 nanocomposite is 31.4 emu/g. The two patterns look
alike each other and the CuO-FesO4 nanoparticles have superparamagnetic properties.
The magnetization decreased with the decreasing of the magnetic field, and reached
zero at magnetic field of zero, therefore, no residual magnetization remained. The
magnetic saturation moment per unit mass (Ms) was measured to be 31.4 emu/g. The
Ms values of all CuO-FesO4s MNCs were lower than for pure FesOs MNPs (Table 2),
which is mainly attributed to the presence of nonmagnetic CuO shells on the Fe3O4
surface but it stills magnetic. This property of the nanocomposite remains magnetic
when coated with CuO and specifies that it can be simply separated from the solution by

using a magnet.

The optical properties of CuO, Fe304 and CuO-Fe304 samples were examined by UV—
vis reflectance spectra. Fig.5 show the UV-Visible absorption spectrum of CuO, Fe304
and CuO-Fe304 (CF0.5, CF1 and CF2 nanocomposite samples) dispersed in ethanol



(0.01 g/ml). As shown in Fig.5, all samples presented broad absorption in the visible
zone suggesting that CuO-FesO4 nanocomposites with different ratios have a strong
absorption in UV zone and could appropriately absorb visible light and therefore, have
good photocatalytic properties when irradiated under visible light. The imputation of
visible light absorption may be owing to the surface plasmon resonance (SPR) effect
[23] of CuO part in the synthesized composites.

3.2Photocatalytic oxidative desulfurization studies

3.2.1 Model-fuel desulfurization

3.2.1.1 Effect of CuO:Fe304 weight ratio

The catalytic activity of CuO-Fe3O4 MNCs with different CuO:Fe3O4 weight ratio (from
0.5:1 to 2:1) was investigated. The results were presented in Fig.6 (experimental
conditions: mode-fuel = 50 ml, MNC catalysts =0.5 g, H202/DBT mole ratio = 7.5:1,
initial DBT concentration = 250 mg/L and reaction temperature = 30°C). With the
CuO:Fe304 weight ratio increasing from 0.5:1 to 2:1, the DBT conversion increased
from 86% to 97% after 2 h. Though CF2 nanocomposites revealed better activity, but
CF1 could also reach deep desulfurization (95.1% conversion) after reaction for 2 h
with less CuO content. Therefore, from an economic and environmental point of view,

CF1 nanocomposite was selected as a better weight ratio for further study.

Furthermore, the DBT removal efficiency was studied using only CF1 nanocomposite
in dark and without H>O> oxidant to investigate its adsorption properties. The results of
DBT adsorption were inserted in Fig.5. It can be seen that only 19% of DBT was
adsorbed onto the surface of CuO-FesO4 without light irritation and H2O> oxidant after
2 h.

3.2.1.2 Effect of H,O2/DBT mole ratio

Different H.O2/DBT molar ratios (5:1, 7.5:1, 10:1 and 15:1) were investigated in the
desulfurization system using 1:1-CuO-Fe3Os MNC catalyst. Experimental conditions
include CuO:Fe304 weight ratio = 1:1 (CF1), mode-fuel = 50 ml, MNC catalyst = 0.5 g



(giving a catalyst loading of 10 g/L), initial DBT concentration = 250 mg/L and reaction
temperature = 30°C. As can be seen from Fig.7, when the H.O2/DBT molar ratio was
increased from 5:1 to 10:1, the DBT conversion efficiently increased from 83% to
95.9% after reaction for 2 h. this is because providing more oxygen radicals to oxidize
the DBT, therefore the promoted reaction. The DBT conversion had only increased
from 95.1% to 95.9% after increasing H202/DBT molar ratio from 7.5:1 to 10:1.
Therefore, with the respect of cost, the H.O./DBT molar ratio of 7.5:1 was appropriate
and selected for further study. Increasing in H202/DBT molar ratio to 15:1 reduced the
reaction conversion. This may attributed to the formation a liquid film on catalyst
surface, which decreases the DBT adsorption to its active sites when increasing H20-
amount to a certain level. Therefore, the reaction is limited under high H.O;

concentrations [24-26].

3.2.1.3 Effect of initial DBT concentration

The effect of initial DBT concentration in model-fuel on DBT conversion is shown in
Fig.8 using CF1 catalyst (experimental conditions: mode-fuel = 50 ml, MNC catalyst =
0.5 g, H.02/DBT molar ratio = 7.5:1, reaction time = 2 h and reaction temperature =
30°C). The DBT conversion decreased as the initial DBT initial concentration increased
in the model-fuel. DBT conversion was maximum when the initial DBT concentration
was 125 mg/L. On the other hand, the lowest DBT conversion rate was achieved at an
initial concentration of 1000 mg/L. According to these results, CuO-Fes04 catalyst is

suitable for deep oxidative-desulfurization.

3.2.1.4 Effect of CuO-Fes04 MNC catalyst loading

The effect of CuO-Fe304 catalyst loading on DBT conversion was investigated, and the
results are displayed in Fig.9 at different reaction time. DBT conversion was enhanced
as the catalyst loading increased from 5 to 30 g/L (0.25 to 1.5 g per 50 ml model-fuel).
Experimental conditions include CuO:Fe3O4 weight ratio = 1:1, mode-fuel = 50 ml,
initial DBT concentration = 250 mg/L, H20./DBT molar ratio = 7.5:1 and reaction
temperature = 30°C. The reaction conversion could not clearly be enhanced when the
catalyst loading was increased from 15 g to 30 g/L, probable because excess CuO-Fe304



catalyst causes agglomeration in the reaction mixture, thus reducing the availableness of

active sites of catalyst surface.
3.2.1.5 Photocatalyst recycling study

The recyclability of the 1:1-CuO-Fe304 nanocatalyst was examined in the oxidation of
DBT in model-fuel and the results are presented in Fig.10. The experimental conditions
include using mode-fuel of 50 ml, catalyst = 0.5 g (catalyst loading of 10 g/L), initial
DBT concentration of 250 mg/L, H.O,/DBT molar ratio of 7.5:1, reaction time of 2 h
and reaction temperature of 30°C. At the end of each reaction experiment, 1:1-CuO-
Fe304 catalyst were separated magnetically from the reaction mixture, dried in oven and
then used in subsequent cycle. Experimental results indicate that this desulfurization
system could be recycled five times with a little decrease in the DBT conversion, and
therefore, catalyst activity. DBT conversion was 95.1%, 94 %, 91 %, 90.3%, and 88.7%

respectively
3.2.2 Real-fuel desulfurization

Fig.11 shows the naphtha photocatalytic desulfurization experiments using CF1
nanocomposite. The experimental conditions include CuO:FesOs weight ratio = 1:1
(CF1 sample), naphtha-fuel = 50 ml, catalyst = 0.5 g, initial sulfur content = 533 mg/L,
H202/S molar ratio = 7.5:1 and reaction temperature = 30°C. The sulfur conversion
increased with time and revealed that the sulfur contents can be decreased to below 38
mg/L and 93% conversion was achieved after reaction time of 6 h. These results have
showed that a CuO-Fe304 magnetic nanocomposite is efficient for the deep oxidation
of sulfur compounds in real naphtha fuel, and the deep oxidation is essential for a

photocatalytic oxidative desulfurization.
3.3 Comparison of result obtains in this and other studies

According to the experimental results, CuO-Fe3Os nanocomposites show excellent
catalytic activity in deep oxidative desulfurization of liquid petroleum fuels. Table 3
shows a comparison between the results found in this study and other studies. Most of

these studies established good results. By contrast, the CuO-Fez04 nanocomposites in

10



this study can remove 100% DBT at initial DBT concentration of 125 mg/L within 2 h

under simple conditions.
4. Conclusions

Magnetic CuO-Fez0s nanocomposites with different CuO:FesOs weight ratios have
been synthesized and used as oxidative desulfurization photocatalysts for removal both
DBT from model-fuel and sulfur from naphtha fraction. Different reaction parameters
such as H2O./DBT molar ratio, initial DBT concentration, and catalyst amount have
been studied on the reaction rate. The results indicate that 1:1 CuO:Fe3O4 weight ratio
(CF1) of the nanocomposite as catalyst gave a proper reaction conversion (95%) after 2
h reaction time, initial DBT concentration of 250 mg/L, H.O2/DBT mole ratio of 7.5:1
and catalyst loading of 10 g/L. The recycling of the photocatalyst was also tested, and
the photocatalytic activity of magnetic CuO-FesO4 nanocomposite on DBT did not
decrease significantly after reusing five times. This photocatalytic oxidation
desulfurization system was found to be suitable for the oxidative desulfurization of

naphtha fuel.
Acknowledgement

The authors are grateful for the technical support provided by the Chemical Engineering
Department, Al-Nahrain University, Baghdad, Irag.

11



References

10.

11.

12.

13.

14.

15.

16.

Kim, J.H., et al., Ultra-deep desulfurization and denitrogenation of diesel fuel by
selective adsorption over three different adsorbents: a study on adsorptive selectivity
and mechanism. Catalysis Today, 2006. 111(1): p. 74-83.

Ammar, S.H. and S.A. Jaafar, Adsorption Kinetic and Isotherms Studies of Thiophene
Removal from Model Fuel on Activated Carbon Supported Copper Oxide.

Qiu, L., et al.,, Oxidative desulfurization of dibenzothiophene using a catalyst of
molybdenum supported on modified medicinal stone. RSC Advances, 2016. 6(21): p.
17036-17045.

Cristol, S., et al., DBT derivatives adsorption over molybdenum sulfide catalysts: a
theoretical study. Journal of Catalysis, 2004. 224(1): p. 138-147.

Sarda, K., et al., Deep desulfurization of diesel fuel by selective adsorption over Ni/Al 2
O 3 and Ni/ZSM-5 extrudates. Fuel, 2012. 93: p. 86-91.

Dedual, G., et al., Requirements for effective photocatalytic oxidative desulfurization of
a thiophene-containing solution using TiO2. Journal of Environmental Chemical
Engineering, 2014. 2(4): p. 1947-1955.

Banisharif, F., et al., Extractive-oxidative removals of dibenzothiophene and quinoline
using vanadium substituted Dawson emulsion catalyst and ionic liquid based solvents.
Journal of industrial and engineering chemistry, 2017. 47: p. 348-359.

Moosavi, E.S., S.A. Dastgheib, and R. Karimzadeh, Adsorption of thiophenic compounds
from model diesel fuel using copper and nickel impregnated activated carbons.
Energies, 2012. 5(10): p. 4233-4250.

Ma, X., A. Zhou, and C. Song, A novel method for oxidative desulfurization of liquid
hydrocarbon fuels based on catalytic oxidation using molecular oxygen coupled with
selective adsorption. Catalysis Today, 2007. 123(1-4): p. 276-284.

Dizaji, A.K., H.R. Mortaheb, and B. Mokhtarani, Complete oxidative desulfurization
using graphene oxide-based phosphomolybdic acid catalyst: Process optimization by
two phase mass balance approach. Chemical Engineering Journal, 2018. 335: p. 362-
372.

Safa, M., et al., Oxidative Desulfurization of Diesel Fuel Using a Brgnsted Acidic lonic
Liquid Supported on Silica Gel. Energy & Fuels, 2017. 31(9): p. 10196-10205.

Hou, L.-p., et al., Preparation of Mo02/g-C3N4 composites with a high surface area
and its application in deep desulfurization from model oil. Applied Surface Science,
2018.434: p. 1200-1209.

Ali, M.F., et al., Deep desulphurization of gasoline and diesel fuels using non-hydrogen
consuming techniques. Fuel, 2006. 85(10): p. 1354-1363.

Zheng, S., et al., Adsorption and photocatalytic degradation of aromatic organoarsenic
compounds in TiO2 suspension. Catalysis Today, 2014. 224: p. 83-88.

Sun, T., et al., Efficient degradation of p-arsanilic acid with arsenic adsorption by
magnetic CuO-Fe304 nanoparticles under visible light irradiation. Chemical
Engineering Journal, 2018. 334: p. 1527-1536.

Saravanan, R., et al., Enhanced photocatalytic activity of ZnO/CuO nanocomposite for
the degradation of textile dye on visible light illumination. Materials Science and
Engineering: C, 2013. 33(1): p. 91-98.

12



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ali, K., et al., Synthesis, structural, dielectric and magnetic properties of
CuFe204/Mn02 nanocomposites. Journal of Magnetism and Magnetic Materials, 2017.
434: p. 30-36.

Sun, C., et al.,, Magnetic CuO@ Fe 3 O 4 nanocomposite as a highly active
heterogeneous catalyst of persulfate for 2, 4-dichlorophenol degradation in aqueous
solution. RSC Advances, 2015. 5(70): p. 57058-57066.

Phiwdang, K., et al., Synthesis of CuO nanoparticles by precipitation method using
different precursors. Energy Procedia, 2013. 34: p. 740-745.

Wang, C., et al., Preparation of TiO2/g-C3N4 composites and their application in
photocatalytic oxidative desulfurization. Ceramics International, 2014. 40(8): p. 11627-
11635.

Pinna, N., et al., Magnetite nanocrystals: nonaqueous synthesis, characterization, and
solubility. Chemistry of Materials, 2005. 17(11): p. 3044-3049.

Kruk, M. and M. Jaroniec, Gas adsorption characterization of ordered organic-
inorganic nanocomposite materials. Chemistry of Materials, 2001. 13(10): p. 3169-
3183.

Chen, X., et al., Supported silver nanoparticles as photocatalysts under ultraviolet and
visible light irradiation. Green Chemistry, 2010. 12(3): p. 414-419.

Li, L., et al., Oxidative desulfurization of model fuels with pure nano-TiO2 as catalyst
directly without UV irradiation. Fuel, 2016. 167: p. 9-16.

Xiao, J., et al., Ultra-deep adsorptive desulfurization of light-irradiated diesel fuel over
supported TiO2—CeO2 adsorbents. Industrial & Engineering Chemistry Research, 2013.
52(45): p. 15746-157565.

Cui, S., F. Ma, and Y. Wang, Oxidative desulfurization of model diesel oil over Ti-
containing molecular sieves using hydrogen peroxide. Reaction Kinetics and Catalysis
Letters, 2007. 92(1): p. 155-163.

Hussain, A.S. and B.J. Tatarchuk, Adsorptive desulfurization of jet and diesel fuels using
Ag/TiOx—AI203 and Ag/TiOx-SiO2 adsorbents. Fuel, 2013. 107: p. 465-473.

Yan, X.-M., et al., Mesoporous titania—silica—polyoxometalate nanocomposite
materials for catalytic oxidation desulfurization of fuel oil. Catalysis Science &
Technology, 2013. 3(8): p. 1985-1992.

Zarrabi, M., M.H. Entezari, and E.K. Goharshadi, Photocatalytic oxidative
desulfurization of dibenzothiophene by C/TiO 2@ MCM-41 nanoparticles under visible
light and mild conditions. Rsc Advances, 2015. 5(44): p. 34652-34662.

13
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Fig.1 XRD spectrum of Fes04 MNPs (a), CuO NPs (b) and CuO-Fe;04 nanocomposite (c).
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Fig.2 SEM image of the CuO-Fe;04 nanocomposite (CF1).
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Fig3. N2 adsorption-desorption isotherms and pore size distribution (insert) for CuO-Fez04

nanocomposite (CF1).
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Fig.4 Magnetic hysteresis loop of Fe304 MNPs and CuO-Fe3;0, nanocomposite (CF1) carried out at

room temperature.
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Fig.5 The UV-Visible absorption spectrum of CuO, Fe304 and CuO-Fe3O4 (with different ratio)
dispersed in ethanol solution.
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Fig.6 Effect of CuO:FesO4 weight ratio (experimental conditions: mode-fuel =50 ml, MNC catalysts =
0.5 g, H2O2/DBT mole ratio = 7.5:1, initial DBT concentration = 250 mg/L, reaction temperature = 30°C).
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Fig.7 Effect of H,O,/DBT molar ratio (experimental conditions: CuO:Fe3O, weight ratio = 1:1, mode-fuel

=50 ml, MNC catalyst = 0.5 g, initial DBT concentration = 250 mg/L, reaction temperature = 30°C).
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Fig.8 Effect of initial DBT concentration (experimental conditions: CuO:Fe;O4 weight ratio = 1:1, mode-
fuel =50 ml, MNC catalyst = 0.5 g, H,O»/DBT molar ratio = 7.5:1, reaction time = 2 h, reaction
temperature = 30°C).
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Fig.9 Effect of catalyst loading (experimental conditions: CuO:FesO4 weight ratio = 1:1, mode-fuel = 50
ml, initial DBT concentration = 250 mg/L, H,O./DBT molar ratio = 7.5:1, reaction temperature = 30°C).
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Fig.10 Catalyst recycling study (experimental conditions: CuO:Fe3zO4 weight ratio = 1:1 (CF1), mode-fuel
=50 ml, catalyst = 0.5 g (catalyst loading of 10 g/L), initial DBT concentration = 250 mg/L, H,O./DBT
molar ratio = 7.5:1, reaction time =2 h, reaction temperature = 30°C).
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Fig.11 Real naphtha desulfurization study (experimental conditions: CuO:Fe;04 weight ratio = 1:1 (CF1),

naphtha-fuel = 50 ml, catalyst = 0.5 g, initial sulfur content = 533 mg/L, H,O/S molar ratio = 7.5:1,
reaction temperature = 30°C).
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Table

Table 1 Naphtha fraction characteristics.

Property Value
SG/60 °F 0.681
Sulfur content, mg/L 533
Reid vapor pressure/37.8 °C, kg/cm?® 14.2
Color (Saybolt) 25+
First boiling point, °C 30
10% Vol. distillate, °C 83
50% Vol. distillate, °C 135
Final boiling point, °C 182
RON 58

Table 2 Summary of Physicochemical properties of Fe3O4, and CuO-Fe304 hanocomposites.

Adsorbent dp Pore size | Sger | Vp Ms
(hm) | (nm) (m2/g) | (cm3g) | (emu/g)
Fes0s MNPs 10-30 | 3.92 60.8 0.0897 435
CuO-Fe304 MNCs (CF0.5) 10-80 | 6.4 70.3 0.144 32.6
CuO-Fe304 MNCs (CF1) 4-70 8.6 725 0.273 314
CuO-Fe304 MNCs (CF2) 4-60 9.7 84.6 0.291 29.2
Table 3 Comparison of result obtains in this and other studies.
Photocatalyst system DBT concentration | Reaction time | Conversion | Reference
(mg/L)
TiO2/BC 1000 2.5h 80 [27]
Fe-TiO2/UV 300 1h 94 [28]
CITiO2@MCM-41/UV | 500 2.5h 95.6 [29]
MWNTSs/TiO2/UV 700 2h 98 [25]
1:1 CuO-Fe304/UV 250 2h 95.1 Present study
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