Int. J. Econ. Environ. Geol. Vol. 13 (2) 27-34, 2022 Open Access
Journal home page: www.econ-environ-geol.org ISSN: 2223-957X

Clay-Iron Nanocomposite for the Removal of Sulfur as Toxic Pollutant from Fuel by
Catalytic Oxidative Desulfurization

Haris Ahmed'*, Erum Zahir', Muhammad R. Ibad?, Muhammad A. Asghar?
!Department of Chemistry, University of Karachi, Karachi 75270, Pakistan
2Department of Chemistry, NED University of Engineering & Technology, Karachi, Pakistan.
PCSIR Laboratories Complex, Karachi, Pakistan.

* Email: haris_ ahmed90@live.com

Abstract: The current environmental pollution has great impact on climate change and the present study was aimed at
removal of sulfur as a pollutant for environment on combustion of kerosene fuel using clay, namely attapulgite and
magnetic iron (ATP)-FesO4 nanocomposite. To lower the toxic sulfur and to enhance the property of reduced sulfur fuel
specifically the electrical conductivity (EC) was also improved by the addition of quality improver additives. The
(ATP)-FesO4 nanocomposite was synthesized by co-precipitation method and the structure, and morphology were
evaluated using scanning electron microscopy (SEM), and fourier transform infrared spectroscopy (FT-IR). The
average size of Fe-NPs which helps in the oxidative desulfurization was found to be <100 nm, and the toxic sulfur
content in fuel was reduced up to 71% from its original using 05mg/mL of nanocomposite at 150°C for 30 min along
with CH3COOH and H,O; proceed with water washing. The EC of the oxidative desulfurized (ODS) fuel was enhanced
by the addition of (0.5, 0.7 and 1.0ppm) STADIS 450 additive as compared to MEROX kerosene fuel (untreated). The
ODS kerosene showed greater stability of EC over MEROX kerosene.

Keywords: Magnetic nanoparticles, attapulgite-iron oxide nano-composite, oxidative desulfurization, electrical
conductivity, kerosene.

Introduction synthesized. Metallic NPs are widely used in different

medical and industrial fields (Igbal et al., 2012).
Sulfur is a major source of air pollution upon Magnetite NPs are ferromagnetic that contain both Fe
combustion of fuel. Ultra-deep desulfurization has (1) and Fe (II1). Super paramagnetic NPs are widely
gained interest by scientists due to environmental used in applications such as ferro fluids, color imaging,
concern and reducing the limit of sulfur up to 100 ppm magnetic resonance imaging and in removal of
or less (Ali et al., 2006, Kulkarni and Afonso, 2010). contaminants from agueous and non-aqueous medium
In refineries, the sulfur containing compounds are (Oh and Park, 2011, Rumenapp et. al., 2012, Feng, et
removed by conventional method such as hydro al., 2019, Yao et al., 2021).

desulfurization (Srivastava, 2012).
Recently, oxidative desulfurization (ODS) has gained

Activated carbon and activated clays are widely used much attention for deep desulfurization of fuel to
for the removal of organic contaminants due to porous reduce the toxic sulfur which causes atmospheric
nature, large surface area and the net negative charge pollution upon combustion (Haghighi and Gooneh-
on their structure (Juang et al., 1997). Activated clay Farahani, 2020). Usually, hydrogen peroxide (H20) is
helps in increasing the catalytic reactions. Attapulgite the most common oxidant and used with catalysts such
is a natural fibrous clay mineral hydrated crystalline as acetic acid, silicates and solid bases, due to
magnesium and aluminum silicate with great environmental friendliness (Akhmadova et al., 2018).
adsorptive properties. (Khorami and Nadeau, 1986). Sulfur containing compounds in fuel is oxidized by
The clay is formed by alteration of montmorollonite H.O under mild conditions and can be converted to
clay, and is used for different industrial and medicinal sulfoxides and sulfones which can be separated from
purpose. Attapulgite clay also has the same properties oil by distillation, solvent extraction or adsorption
as other clays but different in structure (da Silva et al., (Hulea et al., 2001). In addition, the use of H,O, for
2022). They are needle shaped silicates which are ODS is efficient and cost effective (Neumann and
different in length and range from 20 nm to several Levin-Elad, 1997, Murata et al., 2004, Bokare and
hundred nanometers (Liu wt al., 2008, Ruiz-Hitzky et Choi, 2016).

al., 2011). The unique morphology of ATP increases
its applications such as catalyst support and
environmental adsorbent.

In addition, the main component of jet fuel is kerosene,
and it is widely used in commercial and fighter jet
planes (Rahmes et al., 2009). Naturally, the jet fuel has
very low electrical conductivity (EC) which is less
than 10 pS/m (CU). The electrostatic charges
accumulated during high speed pumping of fuel by

Nanoparticles (NPs) are the materials which differ in
properties from their bulk and size <100 nm. NPs are
naturally occurring materials, as well as can be
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microfiltration, which could be very dangerous (Dacre
and Hethrington, 1998). The dissipation of the
accumulated charge can reduce the risk of fire and to
dissipate these charges the electrical conductivity of
fuel is increased (Nabours, 2004). Recently, the
STADIS 450 an electrical conductivity improver is
used for the increase in electrical conductivity (Dacre
and Hetherington, 1998). The STADIS 450 shows
different response in fuel from different crude source
when doped with the same concentration (Dacre and
Hethrington, 1994).

The EC in jet fuels is very sensitive to low
concentration of polar compounds. The other additives
also influence the EC of fuel. Researchers found that
the thermal stability additive (TSA) ‘+100° has a
significant effect on EC response (Taylor et al., 2002).
The use of other additives is also part of jet fuel and
known as corrosion inhibitor (CI) i.e. DCI-4A and fuel
system icing inhibitor (FSII). Chemically corrosion
inhibitor is a dimer of linoleic acid and is used to
reduce tear in metallic roller bearings in fuel pump and
to reduce corrosion in fuel system (Black et al., 1988).
The use of FSII (fuel system icing inhibitor) in jet fuels
acts as an anti-freezing agent that does not allow the
formation of ice crystals which are present in the form
of dissolved water (Vozka and Kilaz, 2020).

In this work, the synthesized magnetic NPs were
combined with ATP via co-precipitation method and
were used to desulfurize the jet fuel by catalytic
oxidation under varying conditions. In addition, the
effect of electrical conductivity additive in different
dosages in normal Merox fuel and in ODS fuel was
investigated.

Materials and Methods

All chemicals used were of analytical grade hydrogen
peroxide (H.02) (30wt %), ferric chloride
(FeCl3.6H20), calcium sulfate (CaSO.) were obtained
from BDH-UK, glacial acetic acid (CH3COOH) (99%
pure), hydrochloric acid (HCI), Ferrous sulfate
(FeS04.2H;0) were obtained from Sigma Aldrich, n-
hexane obtained from Fischer Chemicals, deionized
water of conductivity <1.0 uS/cm was used, Sodium
hydroxide (NaOH) was purchased from Lab chem.
Attapulgite clay (ATP) was obtained from a local
supplier, Mylar film was provided by Tanaka
Scientific. Kerosene, Stadis-450 (STD-450), DCI-4A,
FSII, PLUS 100 were obtained from Innospec by a
local supplier. The measurement of EC in fuel was
done by electrical conductivity meter (Make: emcee
Model: 1152). The magnetic nanoparticles (Fe-NPs)
were synthesized using the method reported by
Kalantari et al. (2014).

Syntheis of Magnetic
Nanocomposite

Iron Nanoparticles and

In brief, FeCls.H,0 and FeS04.2H,0 in a ratio of 2:1
were dissolved in 400 mL water. An aliquot of 100 mL
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NaOH (5 mol L*) was added drop wise to the solution
under stirring at 80°C. The solution turned to black
precipitate (Red’ko and Suprun, 2018). The obtained
particles were washed using deionized water (DI-H,0)
which were magnetically separated and then dried
under normal atmospheric conditions. The powdered
attapulgite clay was passed through a sieve of 200um
mesh size which is subjected to acid treatment. In
brief, an amount of 15 g clay was treated with 100 mL
of HCI (1 M) and refluxed for 2h under constant
magnetic stirring (Boudriche et al., 2011). The clay
was washed with DI-H.O till neutral pH and then dried
in an oven at 110°C for 4h and stored in desiccator till
further use. The clay composite with Fe-NPs was
synthesized by adding an equal amount of dried
activated clay and Fe-NPs in 100 mL of deionized
water. The solution was stirred for 1h at 70°C, filtered
and then dried at room temperature for 4h.

The obtained nanocomposite was characterized using
different electro-analytical techniques. A Fourier
transform infrared (FT-IR) instrument (Shimadzu IR
prestige-21, Japan) was used to determine the
formation of metallic bond in nanoparticles using KBr
method. The morphology of acid treated clay, Fe-NPs
and ATP-Fe nanocomposite were studied using
scanning electron microscope (Model # JSM-6380A,
JEOL, Japan).

Oxidative Desulfurization of Fuel

In Oxidative desulfurization (ODS) of fuel 0.5 g of
ATP-Fe nano-composite was added to 100 mL of
kerosene (Dehkordi et al., 2009). Five mL of H,O, and
10 mL of CHsCOOH were added to the same flask
which was then placed on a heating mantle and heated
at 150°C for half an hour. The organic layer was
washed three times with deionized water containing
anhydrous calcium sulfate (CaSO.). The ODS of
kerosene was evaluated for sulfur content using X-ray
fluorescence (Model: RX-XSH). Percent removal was
calculated by using following formula.

Sulfur removal in percent= [(S initia —S fina)/ S
[initiar] *100

Neat kerosene with electrical conductivity (EC < 10
pS/m) was used, 0.5, 0.7, 1.0 ppm of electrical
conductivity improver STADIS 450 was added. The
same concentrations of additive were also added to ODS
kerosene fuel. Further studies were made with the
addition of 20 ppm of corrosion inhibitor DCI-4A, 256
ppm of thermal stability additive +100 and 0.12 vol. %
of icing inhibitor additive FSII was added to the same
solution. All the samples were performed in triplicate.
Each sample was checked after every 3hrs to 24h then
up to 3days with 24h interval. EC was noted for each
sample and plotted against incubation time. All samples
were stored in amber glass bottles. The effect of contact
time, amount of adsorbent and temperature were also
studied. The synthesis of Fe-NPs was confirmed by the
color change phenomenon from orange to brown and
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then black precipitate. This color change phenomena
was also confirmed by Kim et al. (2017).

The type of adsorbent was selected for maximum
removal of sulfur under similar conditions like time
temperature and amount. 0.5g of each adsorbent per
100 mL of oil was used for desulfurization at 150°C
for 30 minutes as maximum sulfur removal occurred at
this amount of adsorbent. The percent removal of
sulfur was performed using Fe NPs, ATC, Fe NPs:
ATC (1:1), Fe NPs: ATC (2:1).

The various adsorbent factors such as amount of
adsorbent, time and temperature effect were studied to
optimize the conditions for the maximum removal of
sulfur content. Different amount of nanocomposite
such as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 g were used
under similar conditions of temperature 150°C, volume
100mL and time 30min to investigate the effect of
adsorbent dosage on the desulfurization process.

In order to optimize the maximum removal at different
intervals of time, 0.5g of Fe NPs : ATC (1:1) adsorbent
was used with 100 mL of fuel. Removal of sulfur in
fuel was evaluated at time 0, 5, 10, 20, 30, 40, 50, and
60 min. To select the optimum temperature for the
desulfurization of oil, the process was carried out at
different temperatures, such as, 40, 60, 80, 100, 120,
140, 160, 180 °C. Other parameters like amount of
adsorbent (0.5g), volume of oil (100mL) and contact
time (30min) was kept constant.

Results and Discussion
Characterization of Nano-composite
FT-IR Analysis:

Figure la shows the FT-IR spectrum of Fe304
nanoparticles, the peaks at 569.0 and 414.70 cm show
the absorbance bands of Fe 2*-O? and Fe **-0% bond in
the magnetite, respectively (Takai et al., 2019). The
peaks at 1652.9 and 3460.3 cm™ show the existence of
H,O remainder in samples (Jin et al., 2017).
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Figure 1b and 1c show the FT-IR spectrum of acid
treated ATP and ATP-Fe nanocomposite. The peak at
3400 cm* shows the characteristic stretching band of —
OH groups (Jin et al., 2017). Due to weak absorption
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peak, the crystallization was considered complete. The
peaks at 474.49 and 609.51 cm™ show the absorbance
bands of Fe 2*-O%* and Fe **-O% bond. The peak at
1033.85 cm* shows the stretching vibration of Si-O
bond (Sebayang et al.,2018).
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Fig 1.FT-IR spectra of (a) Magnetic Fe-NPs, (b) Acid
treated Attapulgite (ATP), (c) ATP-Fe NPs
nanocomposite

SEM Analysis

The morphology of acid treated clay, Fe-NPs and
ATP-Fe was observed using SEM analysis. Figure 2a
shows the uniform and spherical type structure of Fe-
NPs with size less than 100 nm at an elevated
temperature. Figure 2b shows the fibrous nature of
ATP clay remained after acid treatment. Barrios et al.
(1995) reported the same observations by treating ATP
with strong acid and concluded that the silica could
form protective gel during acid activation which keeps
its fibrous morphology. The fibrous rod like structure
of ATP size of 80 nm has a large surface area and
attributed higher surface activity.

The magnetite NPs has completely coated on the rod
surface of ATP as revealed by SEM observations. In
the surface of ATP-Fe was showing the smooth edges
on the surface of ATP which is attributed to the surface
change morphology of rod shape ATP (Fig. C).
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The bare Fe-NPs show the least results in
desulfurization as compared to the other nano-
adsorbents whereas nanocomposite clay in equal
proportion shows the highest percent removal in
desulfurization due to its mesoporous activity and
surface acidity (Abedinin et al., 2021).

Effect of Adsorbent Amount

Figure 3a shows that the rate of percent removal of
sulfur increases with increase in amount of adsorbents
and shows the maximum result when 0.5g was used
each adsorbent. The percent removal of sulfur with
0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7g of Fe NPs : ATC
(1:1) adsorbent were found to be 17.6, 20.6, 35.2, 52.9,
71.2, 69.4 and 68.5% respectively. The catalyst
activity depends upon the acidity and polar aprotic
solvents, which is the main reason of maximum sulfur
removal at 0.5g of adsorbent used. (Garcia et al., 2008)
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Effect of Contact Time

Figure 3b shows the percent removal of sulfur and the
maximum removal was found at time 30 min. The
percent removal of the sulfur for the time was found to
be 0.06, 14.7, 22.3, 35.3, 71.0, 69.4, 69.9, and 69.8%
respectively. The desulfurization rate was slower after
30 min. due to saturation of active sites of the nano-
composite and the adsorptive desulfurization has
reached to equilibrium. This observation found
i $ oo consistent with literature (Sadare and Daramola, 2019).
Ligp_ BBE7, 4 # The time for further desulfurization used was 30min
e for the optimization of different parameters.

Fig. 2 SEM image of (a) Fe-NPs, (b) Acid treated ATP

clay, (c) ATP-Fe NPs composite 80
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About 0.1%, 13% and 51% sulfur removal was found g 40
using Fe NPs, ATC and Fe NPs: ATC (2:1) 5 30
respectively. Whereas, the higher percent removal was “ 20
found to be 71% which was achieved by Fe NPs: ATC =10
(1:1). The desulfurization property of the nano 0
adsorbents was found in the following order: Fe NPs: 0 20 40 60 20
ATC (1:1)>Fe NPs: ATC (21)>ATC > Fe NPs. Time (mill)
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Effect of Temperature

Figure 3c shows that the sulfur removal increases with
increased in temperature and the maximum removal
was found at 150°C. At higher temperature, the kinetic
energy of molecules increases, which increases the
removal of sulfur. The commercial clays (K-10 and
KSF) as catalyst loaded with Vanadium using H20;
shows the removal of sulfur to 58% and 33%
respectively. (de Mello et al., 2018). Furthermore, the
diffusion rate in the pores of adsorbent also increase
with increase in temperature (Ishaq et al., 2017).
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Fig. 3. a) Effect of amount of adsorbent on desulfuriz-
ation of kerosene fuel, b) Effect of contact time with
adsorbent, c) Effect of temperature on desulfurization.

Oxidation of kerosene fuel using nanocomposite clay
converts the nonpolar sulfur compounds to polar
sulfones and sulfoxides which can be extracted using
polar solvents. Hulea et. Al. explained the oxidation of
a large number of sulfur compounds in kerosene
fraction using H,O; as a solvent (Hulea et al., 2001). It
appears that H;O, can be used for the oxidative
desulfurization of fuel using nano-composite clay as
catalyst. The increase in temperature accelerates the
rate of oxidation and H,O; thermal degradation (Zhang
et al., 2011). Using other agents for extraction with
H,O2can also increase the percent removal of sulfur up
to > 85%. (Muhammad et. al, 2018). Whereas, in the
present study, the sulfur content, was decreased from
0.17 wt/wt % to 0.049 wt/wt % which was 71%
removal. The maximum removal was achieved using
0.5g for 30 min at a temperature of 150°C.

Electrical Conductivity in Normal and ODS Fuel

Figure 4 shows that the EC increases by increased
dosage of Stadis-450 (STD-450). The limit of EC
additive dosage in normal fuel is maximum up to 3
ppm which is set as per standard DEF STAN 91:91.
Three sets of different EC additive concentrations 0.5,
0.7, 1.0 ppm were made. The addition of 20 ppm Cl in
the presence of STD-450 additive does not enhance the
EC but to some extent. The addition of FSII to the
same solution in another replicate shows the
considerable change in the EC. The addition of 100+
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additive increases the EC to more than about 100
pS/m. The ODS kerosene (Neat) which is treated by
NPs shows the same trend of EC on initial basis.
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Fig. 4 Effect of different conc. of Stadis-450 with
20ppm DCI-4A and 0.12% FSII and 256ppm plus 100
on Electrical conductivity

The change in EC with respect to time 0, which
represents the addition of only STD-450 in ranges of
0.5, 0.7, 1.0 ppm, respectively (Fig. 5). With the
interval of time, the EC decreased. However, in low
concentration steep decline was observed, which is
further increased with respect to time. Three different
concentrations of STD-450 i.e. 0.5ppm, 0.7ppm and
1.0ppm doped with the addition of CI, FSII and
256ppm +100. The result shows the similar decline
trend in EC with time. However, the ODS fuel shows
that the removal of contaminants from the fuel results
in stable EC for about 72h (Fig. 5).
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Fig. 5 Effect of different additive DCI-4A, FSII, plus
100 with (a) 0.5ppm, (b) 0.7ppm and (c) 1.0ppm STD-
450 in kerosene and ODS kerosene with time.

Conclusion

According to present research, it has been noted that
the ATP-Fe nanocomposite worked as an effective
catalyst in the removal of sulfur from the kerosene via
oxidative desulfurization process which helps in
reduction of atmospheric pollution. The polar nature of
sulfones which were produced by the ODS has affinity
towards the hydroxylated surface on the ATP-Fe
nanocomposite. The magnetic nature of Fe NPs aids in
the removal of polar components formed by oxidative
desulfurization. It has been noted that the ATP-Fe
nano-composite serve as an effective catalyst for the
oxidative desulfurization as well a good adsorbent for
the removal of contaminants formed by MEROX
process. The highly polar sulfone compounds were
adsorbed on the hydroxylated surface on the ATP-Fe
nano-composite. The advantage of this process
required mild operating conditions.

The effect on conductivity depends upon the STADIS-
450 and the type of kerosene. The salt content present
in the MEROX based kerosene causes the conductivity
of the STADIS solution to fall and then again increases
for low concentration of STD-450. However, it
continuously declined for other high concentrations of
STD-450. The Kerosene doped with STADIS-450 and
with other additives like corrosion inhibitor, FSII and
thermal stability additive (TSA) i.e. +100 show some
response. Lubricity improver DCI-4A has a minor
effect on conductivity. However, the FSIlI and TSA
increase the conductivity to some drastic level. The
time effect shows that the conductivity trend falls
gradually. The ODS kerosene using ATP-Fe
nanocomposite catalyst lowers the contaminant due to
its polar and magnetic nature which leads to a stable
conductivity effect in the kerosene and shows
minimum decline in EC with time. The ODS kerosene
generates the lesser pollutants in the atmosphere upon
combustion.
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