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Introduction
Experiments

Results and discussion

Conclusions

roduction - why is sulfur removed from oil @

Sulfur content in crude oil ranges from 0.03% - 7.89%

$+0,— S0,
S0, is a colorless gas which is dangerous to human health
*S0, emissions are a precursor to atmospheric particulates
+80), causes acid rain (H,50,)

Source: Innmportpolicy.ne, trace clemental mstruments.net, EN 5902009, US EPA
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- Introduction - how to remove sulfur from oil

Low &

é High § .. Deep desulfurization Ulera Law §
Hydrodsulfurization{ HIS) Oxidative desulfurization (ODS)
Eficien|ly remove sulfur compounds = R ~ ~ [Solvent ]
such as thiols, sulfides, and disulfides . [0l [adsorbent] I —
RSH + H; > RI+ 1S = C,T,C m ettt
RSR + 2H; & 2RH + 1.8 oy A

RSSR +4H; = 2RH + 2H.S ™
et 3 Shn | o *  Sulfur compounds (DBT) are easily oxidized at ambient condition
Bigh 1 CA0TC) And gt B 0MER) to form the corresponding sulfones.
‘The oxidized sullur compounds are more polar than sulfides,
It is difficult 1o achieve low sulfur level The selective removal of sulfur compounds by solvent extraction
because of some sulfur compounds or solid adsorption
with more stereo-hindrance eftect

Introduction - pyrolysis gasoline

Typical composition of Pyrolysis Gasoline

Py(zas C Weight percent (wi %)
Benzene, toluene and sylenes S0
Olefins and dienes 15
Styrene and other aromatics 15
| Paraflins and naphthenics 10

A by-produgt of nuthpha cracking during ¢thylene and propylene production
A highly unsaturated hydrocarbon mixture (C3s o C125)
PyGas can be blended with other hydrocarbons as a gasoline additive or the source of BTX

PyGas contains undesirable heteroatom containing hydrocarbons such as organic sulfur compounds
Sullur level are typically in the 100 1o 1000 ppm
The material oflen cannol be used because of the high sullur concentration

S b s T b e v e e e i . B o o O e S0 LD A8 b5 Tl a4 by g s = b mad s s s PV, 3 g o g

Experiments

The oxidation reaction of benzothiophenes and styrene to their corresponding oxidation product.

Sulfanides (1 sakdeny Sulonas (1.1 diwtiden)
o
# o O, H HO, on o oM
& Cansbyse "
e, + | + | + +
Styrome Sryrene ovsbe _ e 1 2dist o Bemraie acid

Catalyst

Journal of Catalpnis 198, 176-186 (2001)
Cacal. Sei. Techrol, 5, 325338 (2015)



Experiments

0
20g Model compounds in the reactor

500 ppm benzothiophene and $00ppm styrene in n-Octane
2

Solution was heated to 69°C, 75°C or 85°C

@

Catalyst and oxidant were injected into a batch reactor

20g 11,0, with 0.1g PAALD, / 20g 11,0, with 0.1g PAAC

‘The mixiures were pled every ten mi 10 analyre the
conversion of benzothiophene and styrene with a gas chromatography

Results

The conversion of benzothiophene and styrene by Pd/Al,0O; and Pd/AC catalyst at different temperature

[ 75T a5t
= . — -
| » atyrene-PUAZCD = syene PEALD, & . syrene-PRALD,
t -PUARZOD " Eensotophens PIALD bezothophens. PAAL D),
=} ®  arprene Piactvated *  syrene Pdacivaled 14%) - #  syrane-Paiaclivaied carbon
| Pt actrvated carbony Benzstcptene. Paiactvaied cabed = ezcthophens Pasctivaed canol 45%
o 1! '

e 16% .
E "|~ B . o g0 5 . A%
. |12% o

E wt . = 5% =
et - . - - 15%
6% " < " -
sf. : m ‘ .
| ea— % s . 10%
SN TR W e W e W ’ e T N
Tameiminy Trwimn) Taneimry

Results

Effect of reaction temperatures and times on oxidative desulfurization by Pd/Al,O, and Pd/AC catalyst

Pd/ALO, Pdiactivated carbon
. 750 sl » 780
mp 5 | * 851 | ® B5C
- T AR0 | -
e g - = am
i 7 0L Lo
. 2% .
E o . § x| 10 %
: :
o ogmf EED
3 3wl
ol & o i 46%
iy % ° mr .
o 0 -0 L] o 150 mﬂ w0 0 w 120 150
Tirne{rrin Time{min}

IFrom the two graphs, PAAC catalyst have better desullurization performance in this system



Results

The conversion of benzothinphene and styrene at 69°C, 75°C and 85T by Pd/AI203 and PA/AC catalyst
lemperature: 69'C 75°C 85°C
Pd/suppart ALO, AC ALD, AC ALO, AC
Bensothiophene 6% 16% 1.5% 10% 10% 45%
conversion(B)
Styrene conversion (5} 3% 12% 5% 12% 15% 4
Sclectivity (B/S) 2 1.33 0.33 0.83 0.67 1.12

:g e,

ALLXL

surface structure of the aluminum oxide surface groups on activated carbon
surface area of aluminum oxide: 120 mi/g surface area of the activated carbon: 1050 mi/g
Cptical Fagimecring, 2011, 50 7). pp 071 109071165 T Chem. Fuduc., 2015, 92 (1), pp 141 147

2000
Output
0 - n-Octane Input
LTS | —
mol Sryrene
s ; Benzothiophene|
00 | |
=
E ant 1
|
O b
ant |
1l b |
-] :- - o -
100 L s s L " L L
s ] T L ] 1 1" 12 3
mn
GC-FID ¢l er of model pound before and after oxidation

by Pd/activaled carbon al 150°C

Conclusions

1. The oxidation reaction with Pd/AC catalyst had greater
conversion than that of reaction with Pd/ Al,O; catalyst.

2.1t is better for the removal of sulfur compounds in Pd/AC
catalyst system at certain temperature.
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1. Abstract

In this paper, we used an oxidative desulfurization method to oxide model compounds
(500 ppm benzothiophene and 500 ppm styrene) to simulate the desulfurization of fuels.
The conversion and the selectivity of benzothiophene and styrene were observed.

Hydrogen peroxide (35%) was used as oxidant with
Pd/Al,O3 or Pd/AC as catalysts. Reactions occurred at 69°C, 75°C and 85°C respectively.
Experimental results showed that the reaction with catalyst Pd/AC had greater conversion
for both benzothiophene and styrene than that of the reaction with Pd/Al,O3 as catalyst.
However the Pd/AC catalyst had greater desulfurization efficiency for removing
benzothiophene than that of the reaction with Pd/ Al,O5 catalyst.

Keywords: oxidative desulfurization, benzothiophene

2. Introduction

The sulfur in transportation fuels may convert to toxic SOy , which contributes to the
air pollution and the acid rain. Deep desulfurization of diesel fuels has become an
important research subject due to the upcoming legislative regulations to reduce sulfur
content in the world. US Environmental Protection Agency has set up guidelines to limit
the sulfur content of diesel fuels to 15 ppm by 2006. The environmental regulation for
on-road diesel fuels planned in Europe call for a sulfur content to 50 ppm by 2005 and to
10 ppm by 2009. Similarly, in Japan the sulfur concentration will be below 50 ppm by the
end of 2004. In Taiwan, the regulation for the sulfur content in diesel fuels will be lower

11



than 50 ppm by 2005.

Hydrodesulphurization (HDS) is the conventional process to remove thiols, sulfides,
and disulfides in the petroleum industry. However, it is difficult to achieve an ultralow
sulfur level because of some refractory sulfur compounds such as dibenzothiophene
(DBT) and its derivatives. Owing to their stereo-hindrance, severe operating condition
and large capital cost are required for HDS to achieve ultralow desulfurization of fuels. [1]
Therefore, alternative desulfurization technologies are desired. Oxidation [2,3,4,5,6,7,8,9],
extraction [10,11,12,13,14], adsorption [15,16,17,18] and bioprocesses[19,20] have
received wide attention recently.

During the oxidative desulfurization, sulfur compounds can be oxidized by the
electrophilic addition of oxygen atoms to the sulfur to form sulfoxides (1-oxides) and
sulfones (1,1-dioxides). The chemical and physical properties of sulfoxides and sulfones
are significantly different from those of hydrocarbons in fuels, and consequently they can
be more easily removed by distillation, solvent extraction, adsorption or decomposition.

Most fuels are refined products of the petroleum industry and contain aliphatic, olefins,
alkenes and aromatics etc. The common aromatic compounds within fuels include
toluene, benzene, xylene, styrene, BT, DBT, etc. [21,22,23] The literatures have showed
a lot of adsorbents with an excellent efficiency for removing sulfur compounds, but few
studies focused on reducing the loss of olefin or paraffin hydrocarbon compounds during
desulfurization process. In order to understand the loss of olefins in fuels during
desulfurization process, styrene was chosen as the olefin model compound and BT was
chosen as the sulfur model compound in this study. Experimental results showed that
the reaction with Pd/AC had greater conversion for both benzothiophene and styrene than
that of the reaction with Pd/Al,Oj3 as catalyst. However the Pd/AC catalyst had greater
desulfurization efficiency for removing benzothiophene and less styrene loss than that of
the reaction with Pd/ Al,O; catalyst.

3. Materials and Methods

The ingredients of commercial fuels are too complicated, therefore we conducted the
experiment with model compounds which have benzothiophene, styrene in n-hexane or
n-octane. First, solutions with 500 ppm benzothiophene and 500ppm styrene were
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dissolved in n-hexane (69°C) or n-octane (75°C and 85°C). Catalysts, Pd/Al,Oz and
Pd/AC, were prepared by impregnating method. Model compounds were heated to 69°C,
75°C or 85°C and hydrogen peroxide with Pd/Al,O3 or Pd/AC was injected into a batch
reactor containing model compounds. The mixtures were sampled every ten minutes to
analyze the conversion of benzothiophene and styrene. A gas chromatography (Shimadzu
GC-14A) with DB-5 column and FID was used to analyze the samples. The GC
temperature was programmed to keep 5 minutes at 40°Cand then heated to 200°C at a
rate of 20°C per minute. It was kept at 200°C for 2 minutes. The carrier gas (N2) flow
rate was 25mL per minute. The injection temperature of GC was 225°C and the detector
temperature was 250°C in our experiments.

4. Results and Discussion

Scheme 1 gives the possible mechanism of the reaction system. Under the
experimental conditions as mentioned above, the sulfides and aromatic sulfur compounds
can be oxidized by hydrogen peroxide to the corresponding sulfoxides (1-oxides) and
sulfones (1,1-dioxides).

Figure 2 shows that the maximum conversion of benzothiophene and styrene is about
6% and 3% respectively with Pd/Al,O; catalysis at 69 °C . The conversion of
benzothiophene is twice as that of styrene.

Figure 3 shows that the maximum conversion of benzothiophene and styrene is about
2% and 5% respectively with Pd/Al,O; catalyst at 75°C. The selectivity of oxidation of
benzothiophene is about half that of styrene. Figure 3 shows that the maximum
conversion of benzothiophene and styrene is about 9% and 14% respectively with Pd/AC
catalyst at 75°C.

Figure 4 shows that the maximum conversion of benzothiophene and styrene is about
9% and 15% respectively with Pd/Al,O3 catalyst at 75°C. The selectivity of oxidation of
benzothiophene is about half that of styrene. Figure 4 also shows that the maximum
conversion of benzothiophene and styrene is about 45% and 40% respectively with
Pd/AC catalyst at 75°C.

Table 1 gives the comparison of Pd/Al,O3 and Pd/AC at various temperatures. The
oxidation reaction at 85°C had greater conversion than that of the reaction at the lower
temperature and the conversion of benzothiophene and styrene with Pd/AC catalyst at 85

13



C is much more than the others.

Fig. 5 and Fig. 6 demonstrate the effect of reaction temperature and reaction time on
the oxidative desulfurization efficiency by Pd/AC catalyst. As shown in the figures, the
content of sulfur compounds in fuels decreased with the increase of the reaction time and
most of sulfur compounds removed completed within 150 min. It is also shown that high
temperature (85°C) is better for the removal of sulfur compounds than that of low
temperature (75°C). The reaction with Pd/AC catalyst achieved a removal of 46% of
sulfur and the reaction with Pd/Al,O3 catalyst only removed 11% of sulfur. It is clear that
Pd/AC catalyst performed better performance than that of Pd/Al,O3 catalyst in this
system.

On the basis of above results, activated carbon is better than Al,O3 to be a supporter for
oxidative desulfurization. The large surface area, porous structure and many surface
oxygen-containing functional groups, such as C=0 or COOH with activated carbon are
the advantage for it to be used as the supporter. In addition, activated carbon is more
hydrophobic than Al,Os, so it shows a high affinity towards oil phase. The Pd/AC catalyst
dispersed in oil phase is more well than that of the Pd/ Al,O3 catalyst, which lead to the
higher oxidation performance.

Conclusion

1. The oxidation reaction with Pd/AC catalyst had greater conversion than that of
reaction with Pd/ Al,O; catalyst.

2. High temperature is better for the removal of sulfur compounds for Pd/AC catalyst
system.

14



Figure 1: experimental apparatus

/ + Hy05/-Hy

(o] @ +H,0,/-H,0 /
— — |
S S
|
o

A\

2 89°C
& gstyrene-Pd/AI203
benzothiophene-Pd/AI203
xl *  styrene-Pd/activated carbon
ber iophene-Pdlacti d carbon)
F 5L
g
-
g ]
5] . *
§ -I
.
L]
-
L]

0 PP S T S P TP TP T S S
0O 10 20 30 40 5 & 70 80 80 100 110
Time{min)

"
120 130

Figure 3: the conversion of benzothiophene

and styrene at 75°C by Pd/Al,O4 and

catalyst.

Pd/AC

Figure 2: the conversion of benzothiophene and styrene
at 69°C by Pd/Al,03 and Pd/AC catalyst.
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Figure 4: the conversion of benzothiophene and

styrene at 85°C by Pd/Al,O; and Pd/AC catalyst.

Figure 5: effect of reaction temperature and time

on oxidative desulfurization by Pd/Al,O; catalyst.

Figure 6: effect of reaction temperature and time

on oxidative desulfurization by Pd/AC catalyst.



Table 1: The conversion of benzothiophene and styrene at 69°C, 75°C and 85°C by Pd/Al,O3 and Pd/AC

catalyst.
Temperature 69°C 75C 85C
Catalyst Pd/Al, | Pd/AC | Pd/Al, | Pd/AC | Pd/Al, | Pd/AC
(O (OF Os
Benzothiophene conversion(B) 6% 16% 1.50% 9% 10% 45%
Styrene conversion (S) 3% 12% 4.50% 12% 15% 40%
Selectivity (B/S) 2 1.33 0.33 0.75 0.67 1.12
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