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Introduction

One of the most important concerns in the world is air
pollution, which is caused by pollutants such as sulfur
oxides (SOx) from the combustion of fossil fuels in
automobile engines [1]. For the production of low
sulfur fuels, extensive studies have been conducted.
The most common is hydrogen desulfurization, which
uses various metallic and metal-like catalysts such
as cobalt and molybdenum on alumina support [2].
The removal of thiophenes, dibenzothiophenes, and
methylbenzothiophenes in the hydrodesulfurization
process is associated with difficulties [3]. Therefore,
other desulfurization methods such as oxidative
desulfurization have been used. In this method, sulfides
are first oxidized to sulfoxides or sulfones in the
presence of an oxidant and then the oxidized species
are separated from the fuel by solvent extraction
based on their increasing polarity [4]. The oxidation
reaction is slow in the absence of a catalyst, and the
reaction rate and efficiency can be increased by adding
a suitable catalyst [5]. Catalysts made of transition
metals have been widely studied and investigated due
to the diversity in the use of these metals. Among these
catalysts, polyoxometalates (POMs) have attracted
much attention due to their easy structure regulation,
excellent oxidation and reduction properties, high
stability, environmental compatibility, etc. In addition,
they can be converted into active peroxo-POMs
species by H,O,. Therefore, they have been widely
used in oxidative desulfurization [6]. However, their
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performance has been limited due to problems such
as small specific surface area, low utilization of active
sites, high solubility in polar solvents, and difficulties
in recovery and separation [6].

An effective strategy to overcome these problems
is to prepare heterogeneous catalysts based on
polyoxometalates by immobilizing these compounds
on suitable supports to obtain good recovery and high
activity. Various types of materials such as TiO,, ZrO,,
ALQ,, zeolites, etc. have been used as supports in
research so far. Among these solid supports, anatase
phase of TiO, has shown good efficiency in oxidative
desulfurization. Various extractants such as acetonitrile,
dimethylformamide, and sodium hydroxide have been
used for fuel desulfurization. Ionic liquids are new
solvents that have excellent properties such as low
vapor pressure, good solubility, and high thermal
and chemical stability [7]. According to research,
imidazole-based ionic liquids such as 1-butyl-3-
methylimidazolium tetrafluoroborate or [BMIM]
[BF4] have shown good potential in the extraction of
sulfur compounds [8]. In the present study, a series of
TiO,-based phosphotungstic acid catalysts H,PW .0,
were prepared and their activity in removing
sulfur compounds from model and real fuels was
investigated. Also, in the extraction stage, three types
of solvents including acetonitrile, dimethylformamide
and an imidazolium-based ionic liquid were selected
and their effects on desulfurization were investigated.



Materials and Methods

The impregnation method was used to prepare
20, 40, and 60 wt.% H,PW O, catalysts on TiO,
support. Synthetic oil sample was prepared including
a normal hexane mixture containing 1000 ppm
dibenzothiophene.  Subsequently, two samples
were prepared from the light and heavy cuts of the
distillation tower of Bisotun Petrochemical Unit 100
with initial sulfur content of 800 and 4500 ppm.
Initially, 5 cm® of the model oil was transferred into
a 50 cm?® flat-bottomed flask then the desired weight
amount of the previously synthesized TiO,-based
H,PW O, catalyst was added to the system. Next,
the calculated amount of hydrogen peroxide was taken
using a microsampler and added to the reaction vessel.
Due to the volatility of normal hexane and to prevent
evaporation of the reaction mixture, the reaction
chamber is connected to a condenser. Also, to control
and maintain the reaction temperature, the reaction
chamber is placed inside a constant temperature hot
water bath. At the same time, the reaction mixture
is thoroughly stirred at a speed of 1200 rpm with a
magnetic stirrer. After the desired reaction time, the
reaction chamber is separated from the condenser
system and transferred into a separatory funnel to
separate the catalyst articles. Then, a certain time is
spent to separate the aqueous phase from the organic
phase. Finally, by separating the two phases, the
organic phase is tested to determine the percentage of
desulfurization.

The catalysts were characterized by XRD, FTIR, EDX,
BET and FESEM. Then, the effect of various process
parameters such as reaction temperature, reaction
time, O/S molar ratio and catalyst weight in the
oxidation process was investigated by experimental
design strategy using Design Expert 11 software.
First, experiments were performed and optimized on
a normal hexane oil model containing DBT. Then,
the final experiment was carried out with optimal
conditions on the light and heavy cuts of Bisotun
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Petrochemical Unit 100. Finally, using acetonitrile,
dimethylformamide and BMIM[BF4] ionic liquid
solvents, the sulfur compounds were extracted and
the desulfurized solution is then tested to determine
the amount of residual sulfur for determining the
percentage of sulfur removal.

Results and Discussion

Three samples of H,PW O, /TiO, catalyst were
synthesized with 40, 20 and 60 wt.% H,PW O, and
investigated in the ODS process from the oil model
with 1000ppm DBT with operating conditions at three
different temperatures of 50, 65 and 80 °C, reaction
time of 55 minutes, O/S ratio of 10 and weight amount
of 0.04 grams of catalyst. At all three temperatures, the
desulfurization percentage of the 40 wt.% catalyst on
the basis is higher than the other percentages.

Four factors including temperature, time, O/S molar
ratio and catalyst weight have been selected as the
main variables affecting the ODS reaction and the
percentage of sulfur removal has also

been considered as the response (R). The reaction
temperature range was set between 50 and 80 °C and
the reaction time was set between 30 and 80 min. As
shown in the graph in Fig. |

Highest desulfurization percentages are observed
when the temperature rises above 65 degrees and
the reaction time is 55 minutes. The final tests were
carried out on real fuels. For this purpose, samples
of two light and heavy cuts of Bisotun Petrochemical
Unit 100 were prepared, which are the results of the
top and bottom of two distillation towers T-101 and
T-102. The experiments were conducted on both light
and heavy cuts at three temperatures of 50, 65 and 80
degrees Celsius and the optimal process conditions
were 65 minutes, O/S ratio = 10 and catalyst weight
of 0.04 grams and were compared with the results of
the normal hexane sample obtained previously, the
description of the results is given in the diagram in
Fig. 2.
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Fig. 1 a) Contour plot of the desulfurization percent as a function of time and temperature, b) three dimensional plot of desul-

furization percent as a function of temperature and reaction time.
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Fig. 2 Comparison of the desulfurization rate between nor-
mal hexane samples, light and heavy petrochemical cuts.

Three solvents, acetonitrile, DMF and the ionic liquid
solvent BMIM[BF4], were used for the final separation
of the formed sulfonic or sulfide compounds. DMF
has shown a low performance in extracting sulfur
compounds compared to the other two solvents,
but the performance of acetonitrile and ionic liquid
BMIM[BF4] solvents is very similar. It can be
said that the heavier the oil cut, the performance of
acetonitrile has increased slightly, and in light cuts due
to their volatility, it has a lower performance compared
to the ionic liquid solvent. In general, lonic liquid are
much better solvents than ordinary solvents such as
acetonitrile due to their lack of effect on the extraction
process, but despite their relatively high price, their use
in the extraction process is not economical unless their
production and sales costs are reduced in the future.

Conclusion

The reduction of heavy cut sulfur compounds in Bisotun
Petrochemical Unit 100 was investigated by oxidation
with TiO,-based H.PW O, catalyst. Moreover, this
catalyst was synthesized in three wt.% of 20, 40, and
60% and as a result, the 40% weight catalyst had the
best performance under optimal process conditions.
The results of XRD, BET, FESEM, EDX, and FTIR
analysis of the catalyst showed that increasing the
catalyst loading on the support to 40% increased the
catalyst activity, but increasing the catalyst loading
excessively caused its improper distribution on the
support, resulting in a significant decrease in catalyst
performance. In the ODS process, four parameters
were determined: reaction temperature, reaction time,
molar ratio of oxygen to sulfur (O/S) and weight of
catalyst. The highest percentage of desulfurization
(90%) was obtained at a temperature of 65 °C, 55 min.,
O/S ratio of 10 and 10 gr. of catalyst. To extract sulfur
compounds including sulfones and sulfides resulting

from the oxidation reaction, three ionic liquid solvents
BMIM[BF4], acetonitrile and dimethylformamide
were used. In addition, DMF solvent had a lower
performance than the other two solvents, and the
performance of ionic liquid solvents and acetonitrile
in the extraction of sulfur compounds was largely
similar, with the difference that acetonitrile affected
the composition of the percentage of the desulfurized
product due to its relatively high volatility.
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Table 1 EDX analysis results of H3PW12040 catalyst based on titanium dioxide.
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%.wt 60 %.wt 40 %.wt 20
(6] 21.89 67.29 20.12 63.13 26.95 67.86
P 0.42 0.66 0.31 0.51 0.48 0.63
Ti 2.97 13.32 17.64 18.49 23.82 20.03
W 63.82 17.08 61.32 16.75 48.13 10.55
Catalyst Crystal phases
- ® Anastase
E + Rutile
E * Brookite
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Fig. 3 XRD analysis of H,PW ,O

12740

CandBlS XRD 50T a- Y S

catalyst on TiO, support at three different weight percents and XRD analysis of TiO,

support in anatase, rutile and brookite states.
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Table 2 BET analysis of three catalysts of 20%, 40% and 60% by weight of H,PW O, on TiO, support.

12 742

Support/Catalyst Specific Surface Area(m?*/g) | Pore Volume (cm?/g) | Average Pore Diameter(nm)
TiO, Support 200 0.2400 20

wt.% Catalyst 20 61 0.2379 18.126

wt.% Catalyst 40 36 0.1451 19.018

wt.% Catalyst 60 16 0.0693 18.059
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Table 3 Values considered for different levels of variables.

Variable Symbol Level(-1) Level0) Level(1)
T(C) A 50 65 80
t(min) B 30 50 80
O/S molar ratio C 8 10 12
Catalyst amount (g) D 0.02 0.04 0.06
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Table 4 Data review and analysis table by ANOVA.

Source Sum of Squares df Mean Square F-value p-value
Model 3.56 14 0.2542 85.22 0.0001 >
A-temperature 0.0604 1 0.0604 20.26 0.0007
B-time 0.5885 1 0.5885 197.28 0.0001 >
C-o/s 0.0668 1 0.0668 22.40 0.0005
D-wt% CATALYST 1.01 1 1.01 338.90 0.0001 >
AB 0.0009 1 0.0009 0.3015 0705930
AC 0.0067 1 0.0067 2.23 0.1610
AD 0.0429 1 0.0429 14.37 0.0026
BC 0.0075 1 0.0075 2.51 0.1392
BD 0.0136 1 0.0136 4.58 0.0537
CD 0.0028 1 0.0028 0.9230 0.03557
A? 0.0750 1 0.0750 25.14 0.0003
B? 0.1497 1 0.1497 50.17 0.0001 >
c? 0.1763 1 0.1763 59.11 0.0001 >
D2 1.73 1 1.73 578.89 0.0001 >
Residual 0.0358 12 0.0030
Lack of Fit 0.0302 10 0.0030 1.07 0.5741
Pure Error 0.0056 2 0.0028
Cor Total 3.59 26
Adj. R>=0.9784 Adeq precision=32.0972 Pred.R>=0.9481 R?>=0.99
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Table 1 EDX analysis results of H3PW12040 catalyst based on titanium dioxide.
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Fig. 3 XRD analysis of H,PW ,O

12740

CandBlS XRD 50T a- Y S

catalyst on TiO, support at three different weight percents and XRD analysis of TiO,

support in anatase, rutile and brookite states.
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Table 2 BET analysis of three catalysts of 20%, 40% and 60% by weight of H,PW O, on TiO, support.
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Support/Catalyst Specific Surface Area(m?*/g) | Pore Volume (cm?/g) | Average Pore Diameter(nm)
TiO, Support 200 0.2400 20

wt.% Catalyst 20 61 0.2379 18.126

wt.% Catalyst 40 36 0.1451 19.018

wt.% Catalyst 60 16 0.0693 18.059
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Table 3 Values considered for different levels of variables.

Variable Symbol Level(-1) Level0) Level(1)
T(C) A 50 65 80
t(min) B 30 50 80
O/S molar ratio C 8 10 12
Catalyst amount (g) D 0.02 0.04 0.06
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Table 4 Data review and analysis table by ANOVA.

Source Sum of Squares df Mean Square F-value p-value
Model 3.56 14 0.2542 85.22 0.0001 >
A-temperature 0.0604 1 0.0604 20.26 0.0007
B-time 0.5885 1 0.5885 197.28 0.0001 >
C-o/s 0.0668 1 0.0668 22.40 0.0005
D-wt% CATALYST 1.01 1 1.01 338.90 0.0001 >
AB 0.0009 1 0.0009 0.3015 0705930
AC 0.0067 1 0.0067 2.23 0.1610
AD 0.0429 1 0.0429 14.37 0.0026
BC 0.0075 1 0.0075 2.51 0.1392
BD 0.0136 1 0.0136 4.58 0.0537
CD 0.0028 1 0.0028 0.9230 0.03557
A? 0.0750 1 0.0750 25.14 0.0003
B? 0.1497 1 0.1497 50.17 0.0001 >
c? 0.1763 1 0.1763 59.11 0.0001 >
D2 1.73 1 1.73 578.89 0.0001 >
Residual 0.0358 12 0.0030
Lack of Fit 0.0302 10 0.0030 1.07 0.5741
Pure Error 0.0056 2 0.0028
Cor Total 3.59 26
Adj. R>=0.9784 Adeq precision=32.0972 Pred.R>=0.9481 R?>=0.99
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