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Abstract: The oxidative desulphurization of gas oil and model compounds that
exist in gas oil with hydrogen peroxide/acetic acid using nanoparticle
(BugN)7H3[PW1gCd4(Br) 2068l —TiO2 ((BusN)7H3[P,W15Cd,]-TiO,) as anano
scavenger has been studied. This sandwich-type nanoparticle was shown to be
able to scavenge hydrogen sulphide and mercaptans in high yields. The addi-
tion of acetic acid enhanced the conversion. This system provides an efficient,
convenient and practicall method for scavenging sulphur compounds. The
(BugN)7H3[P,W1gCd,]-TiO, nanoparticle was a very active catalyst system for
the oxidation of model compounds, while other polyoxometalate systems were
much less active.

Keywords: polyoxometalates, desulphurization; anatase; scavenger; mercap-
tans.

INTRODUCTION

Deep desulphurization of transportation fuels has become an important re-
search subject due to the increasingly stringent regulations and fuel specifications
in many countries for environmental protection purpose.l2 Desulphurization
techniques have been investigated widely, among which oxidetive desul phuriza-
tion (ODS) is considered to be one of the promising new methods for super deep
desulphurization of fuel 0il.3-5 In the ODS process, the refractory dibenzothio-
phene (DBT) and 4,6-dimethydibenzothiophene (4,6-DMDBT) are oxidized to
their corresponding sulphones under mild conditions, which are subsequently re-
moved by extraction, adsorption, distillation, or decomposition. Various oxidants
have been used in ODS, such as NO,,1 03,2 Ho0O,3 and solid oxidizing agents.#
Among these oxidants, HoO» is mostly chosen as the oxidant as only water is
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produced as a by-product. Peracids produced in situ from organic acids, catalysts
and Hy0, are reported to be very effective for the rapid oxidation of sulphur
compoundsin fuel oils under mild conditions. At present, several members of the
sandwich-type heteropolyanion families, such [PoWigM4 (H20)206g]10- and
[PsW3gM4(H20)20112]16~ (M = Co(ll), Cu(ll) or Zn(ll)) have been synthe-
sized.®-8 Their chemistry was discussed and recently, they have attracted much
attention in the oxidative desul phurization (ODS) of gas oil.® The first cadmium-
containing heteropolyanions, related to the mono lacunary anions of Keggin and
Dawson structures (PW11 and P,W;7) were synthesized by R. Contant.10 In
1995, Kirby and Bakerll reported the first sandwich-type heteropolyanions in-
cluding Cd2* based on the [PoW150s6] 12~ defect structure, and later Bi et al.12
prepared a series of dimeric polytungstates by reacting [AspW150s¢] 12~ with dif-
ferent metal ions, i.e., Cu(ll), Mn(ll), Co(ll), Ni(ll), Zn(Il) and Cd(ll). Herein,
the synthesis of a new cadmium-containing heteropolyanion, in which two lacu-
nary PWgO34%- units sandwich four cadmiums, is described.

Homogeneous catalysts cannot be separated from the reaction media and
consequently, cannot be reused. Fixation of homogeneous catalysts onto a solid
support may be a strategy to overcome this problem. Recently, supported hetero-
polyacids were synthesized and applied as effective catalysts in organic reac-
tions.13-16 Supporting heteropolyacids on solids with high surface areas improve
their cataytic performance in various liquid-solid and solid surface heteroge-
neous reactions. Titanium dioxide is a wide-band-gap semiconducting material
that has received intense scrutiny for a broad range of applications, thanks to its
intriguing physicochemical properties and cheap, abundant, and reasonably non-
toxic nature. TiO», also awidely used catalyst support as well as a catalyst itself,
is known to enhance catalytic activity in many cases because of the strong inter-
action between the active phase and the support.19 In continuation of research on
the synthesis and application of polyoxometalates (POM) and anatase,15-18 ana-
tase TiO» crushed nano leaf coupled by a sandwich-type polyoxometaate was
designed and synthesized at 100 °C via a sol-gel method under oil-bath condi-
tions. The chemical characterization of this compound was accomplished by
means of elemental analysis, infrared spectroscopy (IR), X-ray diffraction (XRD)
analysis, transmission electron microscopy (TEM) and 113Cd nuclear magnetic
resonance (113Cd-NMR) spectroscopy. The catalytic performances of these
homogenous and heterogeneous catalysts were tested on the oxidative desul phu-
rization of model sulphur compounds, such as benzothiophene (BT), dibenzo-
thiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldiben-
zothiophene (4,6-DMDBT) and gas oil using hydrogen peroxide/acetic acid as
the oxidizing reagent. The POM—TiO, nanocomposites presented much higher
catalytic activity than those of the corresponding unsupported polyoxometal ates.
The catalyst could be easily separated and reused at the end of reaction without a
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significant loss of their catalytic activity, which suggests that the catalysts are
stable under different conditions.

EXPERIMENTAL

All reagents and solvents used in this work are available commercially and were used as
received, unless otherwise indicated. The model compounds and chemicals, including
benzothiophene (BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT), and
4,6-dimethyldibenzothiophene (4,6-DMDBT), solvent (n-heptane) for the experiments and
analysis and hydrogen peroxide (30 vol. %) were obtained from Aldrich. The compound A-g-
NagHPWgO34:-24H,0 (abbreviated as A-PWg) and other catalysts (NHgz)1o[P,W1gCdy],
K10o[P2W1gCdaZn], Ko[PaW1gCdoZNy], Kol P2W1gCdZNg], Kol PAW1sZNy], Ke[P2W21O74],
K10[PoW2gO70] and Kq4[P,W19Ogg], used for comparison, were prepared as previousy
described.81! Their chemical characterization was accomplished by means of elemental
analysis, IR, 3P- and 13Cd-NMR spectroscopy, which confirmed their structures. Tita-
nium(1V) tetraisopropoxide and glacia acetic acid were obtained from Merck. Gas oil (den-
sity 0.8361 g mL-1 a 15 °C, total sulphur content 0.98 wt. %) was supplied from the terminal
of the South Iranian Oil Company. Further properties of the gas oil arelisted in Tablel.

TABLE I. Properties of the south Iran (Kharg Island) gas oil; APl GR. -API gravity (APl —
American Petroleum Institute); APl = (141.5/Specific gravity) — 131.5; viscosity KIN — kine-
matic viscosity

Entry Properties of gas ail Method Result
Specific gravity at 60/60 °F ASTM D1298 0.8365
2 Density at 15 °C ASTM D1298 0.8361
3 API GR. at 60/60 °F Calculated 37.66
4 Flash point, °F ASTM D93 142
5 Water content, vol. % ASTM D4006 0.025
6 Total sulphur content, wt. % ASTM D4294 0.98
7 Cloud point, °C ASTM D2500 -4
8 Colour test ASTM D156 15
9 Viscosity KIN at 50 °C. CST. ASTM D445 2.8
10 Pour point, °C ASTM D97 -9
11 Mercaptans, ppm ASTM D3227 286
12 Distillation, °C ASTM D86
13 Initial Boiling Paint, °C ASTM D86 157.8
14 10 % Distillation, °C ASTM D86 194.6
15 20 % Distillation, °C ASTM D86 213.4
16 50 % Distillation, °C ASTM D86 268.6
17 90 % Distillation, °C ASTM D86 353.9
18 Final boiling point, °C ASTM D86 384.9
19 Residue, vol. % ASTM D86 15
20 Loss, vol. % ASTM D86 1
21 Recovery, vol. % ASTM D86 97.5

Preparation of the mercaptan scavenger

(BugN)7H3[P,W1gCd4(Br),Ogg] Was prepared as follows. To a stirred solution of (0.216 g,
0.7 mmol) Cd(NOg3),-H,0O in 8 mL H,O (pH adjusted to 6 with acetic acid), 1.0 g (0.35 mmol)
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of A-PWg was added. The solution was carefully transferred into a microwave reactor vessel
and irradiated at 1000 W for 5 min. This step was repeated 6 times. After cooling to room
temperature, potassium chloride (1.2 g) was added to the solution and the mixture was stirred
for 15 min and filtered. This solid was recrystallized from 20 mL of hot water and dried under
vacuum. Then, to a stirred solution of 2.0 g (0.37 mmol) of the potassum salt of
[P,W1gCd4(H20)50gg]) 1% in 55 mL of warm distilled water, a solution of 1.0 g (3.7 mmol) of
tetrabutyl ammonium bromide in 5.0 ml of H,O was added. The mixture was stirred at 60 °C
for 3 h and then the white precipitate was separated by filtration, recrystallized from
acetonitrile and ether, and air dried (yield 0.65 g, 25 %). The results of the elemental analysis
are presented in Table 1.

Preparation of the nanomer captan scavenger

The (BugN);H3[P,W1gCd4(Br),Ogg]-TiO, nanocomposite was prepared as follows.
Titanium tetrai sopropoxide was added to glacial acetic acid under stirring and a solution of
(BugN)7H3[PoW1gCd4(Br),0gg] in water was added dropwise. The mixture was stirred to
dissolve any solid. Then, the sol was heated to 100 °C under oil bath conditions until a
homogenous (BusN);H3[P,W1gCd4(Br),0eg]-TiO, hydrogel was formed. Finally, the gel was
filtered, washed with deionised water—acetone and dried in an oven at 50 °C overnight.

TABLE Il. Elemental analysis of (BU4N)7H3[P2W18Cd4(Br)2068] -27H,0

Element P W Cd
Calcd., % 0.93 49.54 6.73
Found, % 0.88 49.33 6.79

Oxidative desul phurization (ODS) of model sulphur compounds

Some typica benzothiophenes and dibenzothiophenes, which represent easy, hard and
very hard sulphur species to remove from gas oil, were selected to evaluate the catalysts and
the reactivity of benzothiophenes and dibenzothiophenes in an oxidation reaction. A water
bath was first heated up and stabilized at the desired reaction temperature (25-60 °C). The
model sulphur compound (BT, DBT, 4-MDBT or 4,6-DMDBT was dissolved in n-heptane to
make a stock solution with a sulphur content of 500 ppm. Then, 5 mL of the model sulphur
compound and 0.06 mmol of the nano scavenger ((BugN)7H3[P,W1gCd4(Br),0gg]-TiO,), as a
catalyst, were mixed with 2 mL H,O»/acetic acid (peroxyacetic acid) (hydrogen peroxide/ace-
tic acid molar ratio of 1.0) in aflask. The flask wasimmersed in the heating bath and stirred at
500 rpm for 2 h. After completion of the oxidation, the mixture was cooled to room tem-
perature and 10 ml acetonitrile (MeCN) was added to extract the oxidized sulphur compounds.
The two phases of MeCN and n-heptane were separated. The sulphur content in model
sulphur compounds before and after the reaction was determined using X-ray fluorescence
spectroscopy using a Tanaka X-ray fluorescence spectrometer RX-360 SH (ASTM D-4294
method). The ASTM D-4294 method covers the measurement of sulphur in fuels, such as
diesel, naphtha, kerosene, residuals, lubricating base oils, hydraulic oils, jet fuels, crude ails,
gasoline (all unleaded), and other distillates. Compared to other test methods for sulphur
determination, the D-4294 test method has high throughput, minimal sample preparation,
good precision, and is capable of determining sulphur over a wide range of concentrations.
The equipment specified isin most cases less costly than that required for alternative methods.
In the case of petroleum materials that contain suspended water, it is recommended that the
water be removed before testing or that the sample be thoroughly homogenized and im-

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




DESULPHURIZATION OF GAS OIL 133

mediately tested. The interference is greatest if the water creates a layer over the transparent
film as it will attenuate the X-ray intensity for sulphur. One such method to accomplish the
removal of water isto centrifuge the sample first under ambient sealed conditions, taking care
that the sample integrity is not compromised.
Oxidative desulphurization (ODS) of gas oil

Oxidative desulphurization of the gas oil was accomplished in the same manner as used
for the oxidation of the model sulphur compounds, i.e., gas oil (sulphur 2300 ppm S, 10 ml)
with 0.06 mmol catalyst and H,O,/acetic acid (hydrogen peroxide/acetic acid molar ratio of
1.0) at atemperature of 60 °C. After completion of the oxidation, the oxidized sulphur in the
gas oil was extracted with acetonitrile at room temperature. The acetonitrile/oil ratio used was
1/2 by volume. The biphasic mixture was separated by decantation. The oil phase was sepa-
rated and weighed to calculate % recovery of oil. The sulphur content in the oil before and
after reaction was determined using an X-ray fluorescence spectrometer (ASTM D4294
method).

RESULT AND DISCUSSION
Effect of the catalyst structure

The effect of the nature of the catalyst on the oxidative desulphurization of
DBT using hydrogen peroxide/acetic acid as the oxidant is shown in Table Ill.
The sandwich type polyoxometaate-anatase nanoparticle catalyst (BugN)7H3
[PoW1gCd4(Br)20gg]—TiO2 and the unsupported (BugN)7H3[PoW1gCd4] catalyst
were very active systems for the oxidation of the model compound, while other
studied polyoxometalates systems were much less active. It was shown that the
order of the oxidation reactivity of the catalyst in the presence of hydrogen pero-
xidelacetic acid was: (BugN)7H3[PoW1gCd4]-TiO2 > (BugN)7H3[PoW1gCds] >
(NHg)10[P2W18Cdg] > Kio[P2W1gCdzZn] > Kio[P2W1gCdoZng] > Kig
[P2W1sCdZng] > Ki0[P2W1gZng] > Kg[P2W21071] > Kag[P2W20070] > Kig
[P2W190gg]-

TABLE Ill. Effect of different catalysts in the oxidative desulphurization of DBT; conditions

for desulphurization: 5 ml of DBT model oil (500 ppm S), 0.06 mmol catalyst, 2 ml H,O,/
[acetic acid, 5 ml extraction solvent, time 2 h and temperature 60 °C

DBT/ca Oxi- Residual Sulphur
Entry Catalyst talyst dant/DBT sulphur, ppm  removal, %
1 (BU4N)7H3[ P2W18Cd4] —Ti 02 100 10 8.4 98.32
2 (BugN)7H3[P,W1gCdy] 30 10 38.8 92.24
3 (NH_4)10[P,W1gCd4] 20 15 72.8 85.44
4 K 10[P,W1gCdyZn,]2 20 15 84.8 83.04
5 K 10[P,W15CdZng)2 20 10 105.8 78.84
6 K 1o[PoW1gZNn4]2 20 10 148.2 70.36
7 Kg[PoW,107]P 25 15 163.8 67.24
8 K 10[PaWg070]® 25 15 171.35 65.73
9 K 14[PaW1006q]” 25 15 172.9 65.42

3synthesis of the catalyst is given in the literature; 219 bsynthesis of the catalyst isgiven in the literature3-14
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Reactivity of various sulphur compounds

The effect of the different soluble catalysts and (BugN)7H3
[PoW18Cds(Br)20gg]-TiO> in oxidative desulphurization of different sulphurs
compounds are given in Table |V. The oxidation reactivity decreased in the order
of DBT > 4,6-DMDBT > 4-MDBT > BT. BT exhibited the lowest reactivity,
which was related to the different electron density on the sulphur atom. The dif-
ference in electron density on the sulphur atom of DBT and 4,6-DMDBT is very
small. The oxidation reactivity was governed by the steric hindrance of the me-
thyl groups, which become on obstacle for the approach of the sulphur atom to
the catalytically active sites. The electron density for 4,6-DMDBT is the highest,
but its oxidation reactivity was lower than DBT, this is due to the steric effect
from the alkyl groups at the 4 and 6 positions.

TABLE IV. Effect of different catalysts in the oxidative desulphurization of various sulphur
compounds; condition for desulphurization: 2 ml H,O,/acetic acid as the oxidant, 0.1 mmol
catalyst, 5 ml acetonitrile as the extraction solvent, time 2 h and temperature 60 °C

Sulphur removal, %
DBT 4-MDBT  4,6-DMDBT BT

Entry Catayst

1 (BUzN)7H3[P,W15Cd]-TiO, 985 955 % 89
2 (BusN);H3[P,W15Cd,] 92 ) 91 84
3 (NH2)10[P,W15Cdl] 86 87 87 79
4 K 10[P;W15CdpZny] P 85 86 85 77
5 K 10[PaW15CdZng] b 83 85 84 75
6 K1o[P;W1sZny] B 80 81 80 73
7 Ke[PW51074] © 75 73 73 72
8 K 10[PW20O70] © 74 71 72 70
9 K 14[P2W19Og0] © 70 69 71 68

aSynthesis of the catalyst is given in the literature; 219 Psynthesis of the catalyst is given in the literature®14

Oxidative desulphurization (ODS) of gas oil

The results of the oxidative desulphurization of oil gas are givenin Table V.
According to the obtained data, the total sulphur content (Entry 1) and the con-
tent of mercaptans (Entry 2) were much lower after the oxidation process, while
numerous other properties of the gas oil remained unaffected. From the results
obtained in this work, it was demonstrated that the nano mercaptan scavenger
((BugN)7H3[PoW1gCd4(Br)20gg]-TiO2) can catalyze the oxidative desulphuri-
zation reaction in 2 h and can reduce the total sulphur content of gas oil from
0.98 to 0.087 wt. % and & so reduce the content of mercaptans from 286 to 10 ppm.

Recycling of the catalyst

At the end of the oxidative desulphurization of the model sulphur com-
pounds and gas ail, the catalyst was filtered off and washed with dichlorome-
thane. In order to determine whether the catalyst would succumb to poisoning
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and lose its catalytic activity during the reaction, the reusability of the catalyst
was investigated. For this purpose, desulphurization reaction of gas oil and the
model compounds were performed in the presence of fresh and recovered cata-
lyst. Even after three runs of the reaction, the catalytic activity of (BugN)7H3
[P2W1gCd4(Br)20gg]-TiO2 was almost the same as that of fresh catalyst. The re-
sults are summarized in Tables V and VI for the oxidative desulphurization DBT
and gas ail, respectively.

TABLE V. Oxidative desul phurization of gas oil using (BusN);H3[P,W1gCd,]-TiO,

Entry Properties of gas ail BeforeODS  After ODS? After ODSP
1 Total sulphur content, wt. % 0.98 0.087 0.092
2 Density at 15 °C 0.8361 0.8362 0.83690
3 Mercaptans, ppm 286 10 9

4 Flash point, °F 142 142 142

5 Water content, vol. % 0.025 0.025 0.025
6 Cloud point, °C -4 -4 -4

7 Colour test 15 15 15

8 Viscosity KIN at 50 °C. cSt. 2.8 2.7 26

9 Pour point, °C -9 -9 -9
10 Initial boiling point, °C 157.8 156.9 157.2
11 Final boiling point, °C 384.9 383.8 385.2

8Condition for desulphurization: 5 ml of gas oil (2300 ppm S), 0.06 mmol catalyst, 2 ml oxidant, 5 ml of
extraction solvent, time 2 h and temperature 60 °C; Breuse of the catalyst in the desul phurization of gas oil

TABLE VI. Reuse of (BusN);H3[P,W1gCd,]—TiO, for the oxidative desulphurization of DBT

Run Sulphur removal, %

1 96

2 94

3 95
CONCLUSIONS

The (BugN)7H3[PoW18Cd4(Br)20gg]-TiO2> nanocomposite was synthesized
a a low temperature via a sol-gel method under oil-bath conditions. Fixing of
(BugN)7H3[PoW1gCds(Br)20gg] with TiOo decreased the particle size of the
crushed nano leaf of the anatase phase. The (BugN)7H3[P2W1gCds]-TiO2 nano-
composite was a very active catalyst system for the oxidation of model sulphur
compounds and gas oil, while unmodified (BugN)7H3[PoW1gCd4(Br)2>Ogg] showed
much lower activities. For this polyoxometalates/HoOo/acetic acid system, the
oxidation reactivity decreased in the following order: DBT > 4,6-DMDBT > BT.
The percent conversion increased when the amount of oxidant and catalyst were
increased. The addition of acetic acid enhanced the oxidation.
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H3BOI

JOYBOKA JECYJI®YPU3AIIHUJA IJIMHCKOT YJbA U MOJEJT JEDTUILbELA AHATASHUM
HAHOKOMIIO3UTHUM IIOJIMOKCOMETAJIATOM CEHIBHY TUIIA KAO HOBUM,
OBHOB/bMBHMM U HEIIKOJ/bUBUM ITPUMAOILIEM MEPKAIITAHA

ABDOLLAH FALLAH SHOJAEI, MOHAMAD ALI REZVANI U FAROKHZAD MOHAMADI ZONOZ
Department of Chemistry, Faculty of Science, University of Guilan, Rasht 419961-3769, Iran

ITpoyuaBaHa je oxcupmaTHBHA AecyndypH3alyja IIIMHCKOT y/ba U UHAUBULYAITHUX MOZEN
jenvmerna Koja ce Hajlase y IIMHCKOM YJibY, BOZOHHK MEPOKCHIOM/CUPheTHOM KHUCEIHHOM Y3
IIpUMEHY HaHOYECTHLIa (Bu4N)7H3[P2W18Cd4(Br)2063]—TiOZ ((Bu4N)7H3[P2W18Cd4]—TiOZ))
Kao mpuMaona MepkanTaHa. [lokasaHo je na Cy OBeé HAHOYECTHUIle CEHABUY-TUIIA CIIOCODHE fia
BE)XXY BOJOHHUK-CYyJI(UA U MepKalTaHe y3 BUCOKe NMpUHOCce. [logaBawe cCUpheTHe KHUCEHHE je
nodospiano KoHBep3ujy. OBaj cuctem omoryhasa edukacaH, IOrojaH ¥ NpakTH4YaH METO[ 3a
BE3WBakE CYMIIOPHUX jenumera. Hanouectuue (BuyN);H3[P,W15Cdy]-TiO; cy ce mokasane
Kao BPJIO aKTHUBaH KaTa/JlM3aTOPCKU CHCTEM 3a OKCUIALUjy MOLEN jeNUbena, 0K Cy Ce APYTH
MOIMOKCOMETa/IaTHU CUCTEMH [I0Ka3aIl MHOTO Mame aKTUBHUM.

(ITpummbeno 12. janyapa, pepuaupasno 28. mapta 2012)
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