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Abstract

In this study, sulfur was removed from imitation oil using oxidative desulfurization process. Silicoaluminophosphate (SAPO-11)
was prepared using the hydrothermal method with a concentration of carbon nanotubes (CNT) of 0% and 7.5% at 190 °C
crystallization temperature. The final molar composition of the as-prepared SAPO-11 was Al203: 0.93P20%: 0.414Si0% 4%
MO/SAPO-11 was prepared using impregnation methods. The produced SAPO-11 was described using X-ray diffraction (XRD) and
Brunauer-Emmet-Teller (N? adsorption—desorption isotherms). It was found that the addition of CNT increased the crystallinity of
SAPO-11. The results showed that the surface area of SAPO-11 containing 7.5% CNT was 179.54 m?/g, and the pore volume was
0.317 cm?®g. However, the surface area of SAPO-11 containing 0% CNT was 125.311 m?/g, and pore volume was 0.275 cm?®/g,
while nanoparticles with an average particle diameter of 24.8 nm were obtained. Then, the prepared SAPO-11 was used in the
oxidative desulfurization process. The oxidative desulfurization was studied using several factors affecting desulfurization efficiency,
such as time (40, 60, 80, 100, and 120) min, amount of MO/SAPO-11 (0.3, 0.4, 0.5, 0.6, and 0.7) /100 ml of simulated oil (100 ppm
of dibenzothiophene), the amount of hydrogen peroxide (4ml) oxidizer/100 ml of simulated oil, and the temperature ranges from (40,
50, 60, 70, and 80 °C). The results showed that an increase in MO/SAPO-11 led to an increase in desulfurization. The best removal
percentage for sulfur content was 92.79%, obtained at 70 °C and 0.6 g of MO/SAPO-11 containing 7.5% CNT, and the removal was
82.34% at 0% CNT and the same other conditions. While the equilibrium was achieved after 100 min. The results revealed that
Freundlich's model described the adsorption of sulfur compounds better than Langmuir's, where the R? of the Freundlich model was
0.9979 and the R? of the Langmuir model was 0.9554.
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1- Introduction
. . amounts in naphtha [8]. The conditions of this treatment
In recent years, concerns pertaining to the environment  method include high temperatures and high hydrogen
have garnered an increasing amount of attention. SOXx is pressure [6]. Then, as a method that works in tandem with
one of the contaminants that has contributed to harmful HDS, oxidative desulfurization, also known as ODS, has
impacts on the environment [1]. The majority of sulfur  peen the subject of substantial research [7]. This sulfur
oxides are produced from the burning of sulfur-containing  ¢4,5es a number of issues, including equipment wear,
substances that are found in gasoline and diesel fuel [2]. catalyst poisoning, processing disruption, oxidation of
As a consequence of this, reducing the amount of sulfur ¢ ¢,y compounds to sulfur oxides during fuel
found in transportation and improving the industry's fuel  combustion, and disruption of sulfur compounds. Sulfur
efficiency should be a top priority for the oil business.  can pe found in concentrations between a few hundred
Benzothiophene (BT), dibenzothiophene (DBT), and 4,6-  ang thousands of parts per million. Environmental rules
dimethyl dibenzothiophene are examples of aromatic  phaye peen proposed to drastically lower the sulfur content
sulfur-containing ~ compounds  [3]. It is common ¢ gistilled fuels (10 ppm)[8]. The goal is to reduce
knowledge that these chemicals can cause cancer [4]. In dangerous exhaust emissions from gasoline-powered
addition, the byproducts of these reactions also contribute  \ehicles and enhance air quality. Other methods have
significantly to increase the overall sulfur level of fuel. oo developed to lower the sulfur concentration in
Nevertheless, the industrial norms that_are currently in liquids, including hydro-desulfurization (HDS), oxidative
place. The removal of refractory chemicals, such as 4~ gegylfyrization (ODS), adsorption desulfurization (ADS),
methyl dibenzothiophene (4-MDBT) and 4,6-dimethyl  pjq_gesulfurization (BDS), and extractive desulfurization
dibenzothiophene (DMDBT), was less successful when — (epg) [9]. To produce fuels with extremely low levels of
using the hydrodesulfurization (HDS) approach (R) [S].  syifur, the HDS process requires harsh processing
The sulfur component is often present in negligible  congitions. ODS has received increasing attention as a
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new method for deep desulfurization of light oil because
achieving lower sulfur content in fuels with current
hydrogen desulfurization (HDS) technology requires the
use of a higher reaction temperature, higher reaction
pressure, and a larger reactor volume [10]. There are also
some problems inherent in HDS in the conversion of
heterocyclic sulfur compounds such as methylated
derivatives of DBT, 4-methyldibenzothiophene and 4,6-
dimethylbenzothiophene  (4,6DMDBT) [11]. ODS
operates at atmospheric pressure and temperatures below
100 °C, resulting in moderate reaction conditions, no
hydrogen requirement, no pressure reactor, and unique
operating technology. ODS can remove nitrogen at the
same time, and it has high selectivity, so that sulfur
compounds (BT, DBT, etc.) that are difficult to remove
can be easily removed by oxidation [3]. Sulfur-containing
compounds are oxidized using selective oxidizing
compounds that can be preferentially extracted from light
oil due to their increased relative polarity, and these
oxidizers include peroxyorganic acids, hydroperoxides,
nitrogen oxides, peroxylates, and ozone [12]. These
compounds can donate oxygen atoms to sulfur in

mercaptans (thiols), sulfides, disulfides, and thiophene to
form sulfoxides or sulfonates. Oxidation is achieved by
contacting an oxidant with a light oil under optimal
conditions and continuing the reaction until the formation
of oxidizing compounds containing sulfonates [13] . The
sulfonates formed from the oxidation are not only
removed in the aqueous phase, but also form an insoluble
precipitate and remain in the light oil. Oxidizing
compounds can be extracted from light oil by contacting
the light oxidized oil with an immiscible solvent [14].The
aim of this work was to study the effect of carbon nano
tubes (CNT's) in Mo/SAPO-11 catalysts and examine its
activity in oxidative desulfurization of simulated oil
(DBT) with four main variables CNT amount, time,
temperature, and amount of adsorbent [15].

2- Experimental

2.1. Materials

Table 1 shows the materials used in the synthesis of
MO/ SAPO-11 and in the desulfurization process.

Table 1. Properties of Chemicals Used

Material Formula Purity%o Supplier
n-Hexane CH3(CH2) 2.CH3 99 CDH, India
Carbon nanotubes SWNTs  (NH4)sH2W12040 90 United States
Acetic acid CH3COOH 98 CDH, India
Aluminum isopropoxide Al [OCH(CH3)2]s 100 BDH
Phosphoric acid HsPO4 85 pomerac, Spain
Silica sol SiO; 99.9 Qingdao Jigidas, China
Di n-propylamine CeHisN 99 BDH
Hydrogen peroxide H20- 50 Pomerac, Spain
Acetonitrile CoHsN 99 CDH, India
Molybdic Acid MoOs 87 BDH, England.
dibenzothiophene Ci2Hsg S 99 BDH, England.

2.2. Catalysts Preparation

SAPO-11 was prepared by adding 4.61 g of
phosphorous acid as a source of phosphorus to 46.72 g of
distilled water [16]. These components were thoroughly
blended together for 30 minutes to produce a smooth,
uniform mixture. Then, 8.17 g of aluminum isopropoxide
was added and stirred for 2 hours. After that 1.47 g of di-
n-propylamine was injected into the gelatin mixture as a
structure-directing template followed by the addition of
1.385 g of silica sol as a source of Si. It took two hours of
stirring to create the reaction mixture. Crystallization was
performed in a stainless steel autoclave which is a
stainless steel cylinder with a thickness of 3 mm made
from st.st.310, a Teflon-lined Teflon insert, and a Teflon
insert with a hat design cup configuration with a thickness
of 7 mm on the side cylindrical part and 10 on the bottom.
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The crystallization was performed for 24 hours at 190 °C.
It was then left to mature for an additional four hours at
room temperature without stirring. Then, the sample was
filtered and washing several time to remove impurities
from the sample and then dried for 24 hours at 110°C.
Then, the raw powders were calcined at 550 °C for three
hours in furnaces before being cooled. The powder form
of the molecular sieve was then obtained and saved in
desiccators. After calcination, the molar composition of
the molecular sieve is Al,03:0.93P205:0.414Si02 [17].
All the procedure above was repeated using 7.5% CNTSs.
After preparation molybdenum was loaded onto SAPO 11
using the impregnation method by adding Molybdic acid
drop by drop to SAPO-11 powder under vacuum (0.9 bar)
for 60 minutes with manual shaking, followed by drying
the formed solution in a furnace at a temperature of 110
°C for 24 hours. Finally, it was exposed to calcination at
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550°C for 3 hour [18]. Then, 0.696 g of MoO3 was
dissolved in the required weight of water for impregnation
until the volume of the solution equals a pore volume of
20 g (ie 12.8 ml) at 60 °C to allow the solution to easily
permeate into the solid catalytic core. The impregnated
materials were then dried at 110 °C for 2 hours before
being calcined in an oven at 550°C for 3 hours with dry
air [19].

2.3. Characterization of catalysts

The produced samples were examined using a
Shimadzu SRD 6000 X-ray diffractometer (XRD) from
Japan with a fixed power source of 40Kv, 30mA, and a
Cu wavelength radiation of 1.54060 cm™ in the 2theta
range of (5-60) C°. At the Petroleum Research and
Development Center by the Ministry of Oil, the surface
area and pore volume of all prepared samples were
measured using the Brunauer, Emmett, and Teller (BET)
technique on a Thermo Analyzer/lUSA. The ASTM
D1993 specification's standards were followed in the
execution of these measurements. Fig. 1 shows XRD of
the prepared MO/SAPO-11 with different CNT (0% and
7.5%)

©
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Fig. 1. XRD Diffraction MO/SAPO-11 at 190°C and 550
°C Calcination Temperature

40 50 60

2.4. Oxidation desulfurization of Simulated oil

A sample volume of 100 mL of an n-hexane solution
containing a concentration of 100 ppm DBT was placed
in a three-neck round flask reactor with a condenser. The
reactor was spun at a constant mixing speed of 150 rpm
and heated to 40, 50, 60, 70, and 80 °C using a magnetic
stirrer heater. After the reaction mixture reached the
desired temperature, 4 ml of hydrogen peroxide as an
oxidizing agent and 1 ml of acetic acid were added each
time (40, 60, 80, 100, and 120 min), and different
amounts of MO/SAPO-11 (0.3, 0.4, 0.5, 0.6, 0.7 g) were
added. Then, the solution was allowed to settle in a 100
ml separation funnel before 10 ml of the organic solvent
acetonitrile was added to separate the phases, giving
distinct and recognizable results. Then the material was
extracted from the organic phase [20].

3- Results and Discussion
Pretreatment of the solution of the prepared SAPO-11
by adding carbon nanotubes (MWNTSs) then
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crystallization the solution at 190 °C can make the zeolite
in the form of carbon nanotubes with a surface area of
179.54 m?/g, 0.317 cm®g pore volume and average
particle diameter of 24.8 nm which are much smaller
particles and large surface area compared to the catalyst
synthesized by standard methods. SAPO-11 nanoscale
prepared using the improved method not only resulted in
a wide surface area but also a large distribution of
nanoparticles and crystallinity. While SAPO-11 was
prepared without carbon nanotubes showed a surface area
of 125.311 m?/g and a pore volume of 0.275 cm3/g.

3.1. The effect of adding carbon nanotubes to MO/SAPO-
11 on desulfurization

As demonstrated in Fig. 2, the utilization of MO/SAPO-
11 with 7.5% CNT and without carbon nanotubes showed
a different manner. The inclusion of carbon nanotubes
into  MO/SAPO-11  increased sulfur  compound
elimination and, thus, surface area. This increase in
surface area increased the number of active sites and
enhanced the oxidation processes for sulfur removal [14].
The findings reveal that the desulfurization process is
significantly enhanced when SAPO-11 is combined with
CNT.

——sapo-11-CNT sapo-11
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Fig. 2. Effect of CNT in MO/SAPO-11 Quality on
Removal of Sulfur Compounds at 0.6 G at 70°C

SAPO-11 CNT surface area of 179.54 (m2/g), 0.317
(cm3/g) pore volume. SAPO-11 surface area 125.311
m2/g, pore volume 0.275 cm3/g.

3.2. The effect of reaction time

The effect of reaction time (0-120 min) on the removal
of sulfur from simulated oil was studied at various
temperatures (40, 50, 60, 70, 80) °C, constant amount of
H»0,, and acetic acid of 4 ml and 1 ml respectively and
7.5% CNT, as shown in Fig. 3. This figure showed that
desulfurization was a function of reaction time. By
extending the reaction time, the outcomes are enhanced.
This may be explained by discussing how oxidizing
agents interact with time [21]. Dibenzothiophene reacts
with H,O; and acetic acid to generate a sulfonate which
like any other reaction requires sufficient time to
complete and solidify over time [22]. also the high surface
area of MO/SAPO-11 increase the adsorption of sulfur
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compounds, so at the beginning the driving force was
large enough for adsorption process making a rapid
adsorption within the first 40 min, after that the decrease
in concentration gradient lead to a decrease in adsorption
process. The optimal REM% was obtained 100 min after
treatment [23]. Similar behavior was obtained by
Beshkoofeh et al. [24]. In this study phosphomolybdic

acid catalyst was used to remove the oxidized sulfur of a
typical sulfur compound, which made the residual sulfur
content decreasing with increasing oxidation time. The
reaction closed to equilibrium after 100 min, and the
residual sulfur content was almost unchanged. Table 2
shows the amount of sulfur removal with time for each
temperature.

Table 2. Shows the Amount of Sulfur Removal with Time for each Temperature

40°C 50 °C 60 °C 70°C 80°C
Time REM Time REM Time REM% Time REM% Time REM%
(min) % (min) % (min) (min) (min)
40 84.87 40 86.78 40 90.34 40 92.24 40 83.45
60 86.38 60 88.56 60 914 60 92.33 60 84.3
80 90.18 80 90.5 80 91.48 80 92.45 80 85.45
100 91.22 100 91.37 100 92.56 100 92.78 100 87.3
120 91.25 120 91.42 120 92.58 120 92.80 120 87.32
—a0C soce soce 700° 80C” hydrogen peroxide and formic acid system, and found that
100 desulfurization rates improved as the temperature
90 — exceeded 50 °C. Also, Ahmedzaki and Ibrahem [27],
80 found that the best results occurred at 70 °C because
70 increasing the temperature accelerated the reaction rate.
60 7
2 50
© 3.4. The effect of the amount of MO/SAPO-11 on
Z’Z Desulphurization Process
12 An increase in the mounts of MO/SAPO-11 led to an
0 20 a0 60 80 100 120 120 increase in the desulfurization efficiency because

TIME (MIN)

Fig. 3. The Effect of Reaction Time on DBT Removal at
Different Temperatures with 7.5% CNT

3.3. The effect of reaction temperature

The effect of the reaction temperature on the
desulfurization efficiency was investigated at a fixed
reaction time of 100 minutes at 40°C, 60°C, 70°C and
80°C. At these temperatures, the amount of hydrogen
peroxide 4% by volume was fixed with different amounts
of MO/SAPO-11 (0.3,0.4,0.5,0.6,0.7 gm) of 7.5% CNT as
shown in Fig. 4. The obtained results indicated an
improvement in the oxidation of sulfur compounds to
sulfone oxide and sulfonate with increasing the reaction
temperature from 40 °C to 70 °C, and thus an
improvement in the desulfurization efficiency was
observed. At 40 °C, desulfurization was less than at 60 °C
and 70 °C. The increase in the reaction temperature
promotes the oxidation of the present thiophene
compounds. This may be related to the decomposition of
hydrogen peroxide with the increase in the reaction
temperature producing hydroxyl radicals that act as a
strong oxidizing agent. Therefore, 70 °C was chosen as
the optimal reaction temperature considering that a higher
temperature did not show an additional beneficial effect
on desulfurization [25]. The same behavior was observed
by several researchers, such as Lanju et al., [26] who
studied the oxidation of thiophene using silica gel in
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oxidation rates increased by increasing the attraction of
the organosulfur compounds to the agueous phase where
the oxidation takes place. This behavior was also
indicated by [28]. The efficiency of MO/SAPO-11 on the
removal of sulfur and desulfurization efficiency was
shown in Fig. 5. When the amount of SAPO-11 increased
from 0.3 to 0.6, the percent of removal increased and this
was due to the high surface area of MO/SAPO-11 which
means increasing the dosage led to more area for
adsorption of sulfur compounds. On the other hand,
increasing the amounts of MO/SAPO-11 from 0.6 g to 0.7
g led to an increase in the removal rate.
4- Study of Adsorption Isotherms

This study was conducted using the MO/SAPO-11
catalyst, initial DBT concentration in the 100 mL of n-
hexane solution used for the batch procedure was 100
ppm. The solution was kept agitated so that sulfur
penetrates uniformly throughout a reaction media. The
concentration of sulfur in solution was measured as a
function of time at certain temperatures. Using Eq. 1 [29],
the quantity of sulfur adsorbed on the catalyst was
determined.

)]

ge: the amount of sulfur adsorbed at equilibrium on
MO/SAPO-11 (mg. g?), Co: initial concentration of

ge = (Co-Ce)*v/im



G. K. Jabaar et al. / Iragi Journal of Chemical and Petroleum Engineering 24, 3 (2023) 69 - 77

sulfur in solution (mg. L), Ce: concentration of sulfur in
solution at equilibrium (mg L), m: mass of catalyst (g),
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Fig. 4. Effect of Reaction Temperature on the Removal of DBT in Different Amounts of MO/SAPO-11 (A 0.3 9, B 0.4
g,C0.59,D0.6 g, E0.7 g) With 7.5% CNT at 70°C
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Fig. 5. Effect of Reaction Temperature on the Removal
of DBT in Different Amounts of MO/SAPO-11

73

4.1. Langmuir isotherm model

The Langmuir model permits the determination of
whether a monolayer is adsorbed otherwise no contact
between the adsorbed molecules. The Langmuir equation
is true for just one monolayer adsorbed with a well-
defined number of energetically identical and uniform
adsorption sites, as shown in Eq. 2 [30]
Celge=1/(qo.b)+1/q, Ce 2

Where: Ce = the equilibrium concentration of adsorbate
(mg/LY). ge = the amount of metal adsorbed per gram of
the adsorbent at equilibrium (mg/g). go = the maximum
monolayer coverage capacity (mg/g) b = the slope and
intercept of the plot Ce/ge.

By fitting the experimental findings for the three
examined temperatures using the Langmuir equation, the
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isotherms shown in Fig. 6 are obtained. The equilibrium
parameter RL given by Eq. 3, also known as the
separation factor or equilibrium parameter, is a
dimensionless constant that can be used to express the
fundamental characteristics of the Langmuir isotherm.

1
T 1+(1+KL CO)

RL (3)
KL = the constant related to the energy of adsorption
(Langmuir Constant). RL value indicates whether the
adsorption is irreversible if RL= 0, linear if RL=1,
favorable if RL > 1), or unfavorable if RL < 1 [29]. RL of
0.2129 was above than 0 but less than 1 indicating that
Langmuir isotherm is favorable.

‘/
y =0.5634x + 1.9079
R* = 0.9979

+ Frendlich

0 0.5 1 15 2 25 3

In Ce
Fig. 7. Freundlich Isotherm Models for Adsorptive
Desulfurization of DBT On SAPO-11

0.6 Table 3. Adsorption Isotherm Parameters and Correlation
05 R? = 0.9554 "% Coefficient of SAPO-11
' Value
04 4 Isotherm parameter Simulated fuel
L // yZomem T K \éViltg4g§fsT57
Q L .
0.2 — : Langmuir Jo 45.4545455
. R? 0.9554
0.1 '
Kr
' 6.738922
0 ' ' ' Freundlich [(mg/g) (Vmg) /']
0 5 10 15 20 n 1.774938
Ce R? 0.9979
Fig. 6. Langmuir Isotherm Models for Adsorptive
Desulfurization of Dbt on SAPO-11 5- Conclusions

4.2. Freundlich isotherm model

The Freundlich model, which represents heterogeneity
at the adsorbent surface, was used to calculate adsorption
capacity using Eq. 4 [30]:

Inge = InK; +%lnCe 4)
Where Kf = denotes the Freundlich isotherm constant
(mg/g). n = adsorption intensity. Ce = adsorbate

equilibrium concentration (mg/L) at equilibrium. ge = the
amount of metal adsorbed per gram of the adsorbent at
equilibrium (mg/g).

According to the following relationship, the linear
version of the Freundlich equation can be used in a
logarithmic form [31].

Fig. 7 indicates that the adsorption isotherms match the
Freundlich model, that the experimental findings can be
connected to the Freundlich equation, and that the
correlation coefficients are near unity [32]. The
Freundlich constants K and n were determined based on
the isotherms, and their values are shown in Table 3.
Given that the value of n for MO/SAPO-11 was between
1 and 10, this model is suitable for these types of
catalysts.
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The physical characterization showed that CNT’s have
been successfully used to develop SAPO-11 crystals
compared to the standard approach. The XRD phase
pattern and FTIR chemical composition indicated
obtaining Mo/SAPO-11 catalyst which indicates efficient
use of CNT’s for crystal growth. Compared to the typical
procedure, Mo/SAPO-11 with a small size of 24.8 nm
was generated using CNT’s as a crystal growth medium.
The efficacy of desulfurization by oxidation was
improved by increasing the reaction temperature to 60 °C
and duration. Hydrogen peroxide of 4 ml and 1 ml of
acetic acid, and 100 minutes are the preferred working
conditions. Formation of free radicals was necessary for
the oxidation process in the presence of the catalyst,
where the reaction takes place on the catalyst's surface.
When MO/SAPO-11 was used without carbon nanotubes,
the best removal rate was 82.78%, while it was 92.79%
when MO/SAPO-11 was used with 7.5% carbon
nanotubes. This indicated that using carbon nanotubes
with SAPO-11 increased the removal rate by 10%.
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