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Abstract

Online pulse-reaction chromatography, MS transient response technique and fixed bed reaction apparatus were used to
investigate the cracking of thiophene and alkyl-thiophene species. Thiophene cracks over the USY zeolite to propylene,
butane, butene and-8. Furthermore, 2-methyl-thiophene, 3-methyl-thiophene, di-methyl-thiophene, tri-methyl-thiophene
and benzothiophene are formed, but cracking desulfurization is the dominant reaction. Compared to thiophene, alkyl-thiophene
species in gasoline are easier to desulfurize via cracking over the specially prepared sulfur removal catalyst with the USY
zeolite as the cracking component, and the conversion increases with the alkyl carbon number of alkyl-thiophene. Cracking
and hydrogen transfer are two important elementary reaction steps for thiophene and alkyl-thiophene species desulfurization
via cracking. Higher temperature favors the former, while lower does the latter. The contradiction leads to abOub4%0
the optimal temperature for thiophene and alkyl-thiophene species to desulfurize via cracking.
© 2002 Published by Elsevier Science B.V.
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1. Introduction advantage of FCC feed hydrotreatment means high
operating and capital costs. Hydrodesulfurization of
Sulfur in gasoline is not only a direct contribu- FCC gasoline may lead to a significant loss of octane
tor to SQ. emissions, it is also a poison affecting number[2,3]. Although adsorbing desulfurization is
the low-temperature activity of automobile catalytic very effective in sulfur reduction, the processes are
converters and, therefore, it has an effect on volatile very complex. In some cases, evep il needed dur-
organic compounds, NOand total toxic emissions ing adsorbing and desorbing regenerafijn The ad-
[1]. About 90% sulfur in gasoline originates from ditives for sulfur reduction of FCC gasoline, invented
FCC gasoline, so reducing sulfur content of FCC by Wormsbecher and Kinjs—7], can be added into
gasoline is the main target of sulfur removal. Several the reaction-regeneration system of FCC expediently
different routes to reduce the content of sulfur can according to real situation to promote the cracking
be considered, such as hydrotreatment of FCC feed, of sulfur compounds in the gasoline range. The max-
hydrodesulfurization of FCC gasoline, and adsorbing imum percentage of sulfur reduction is about 40%
desulfurization of FCC gasoline, etc. The great dis- compared to that not adding the additive if specially
developed FCC catalyst is us¢®]. Anderson et al.
"+ Corresponding author. Tek:86-546-8393944; [9] ?r}vestigated many additives with _d_ifferent com-.
fax: +86-546-8224374. positions and obtained four best additives, and their
E-mail address: zhaody@hdpu.edu.cn (H.H. Shan). sulfur reduction activity order is Zydrotalcite >
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Zr/alumina> Zn/titania > Mn/alumina. The USY/
ZnO/Al,0O3 additive we prepared has excellent sul-
fur removal effect. When adding 30% the additive in
FCC catalyst, the sulfur content of gasoline produced
can be reduced to less than §0§/g from 1230Q.g/g
(using pure FCC catalyst) with only a little change in
product distribution[10]. Sulfur reduction additive,

as a cheap and effective sulfur removal technique, has

attracted more and more attentions.

Our studies[11,12] show that about 90% sulfur
concentrates in the distillate of FCC gasoline higher
than 100°C. In the distillate, mercaptans, thioethers
and disulfides only account for about 10% in the total

sulfides, and the others are thiophene species. The .

cracking mechanism of thiophene species in FCC
conditions, however, is still vague. So studying the
cracking of thiophene is instructive for improving the

additives for sulfur reduction of FCC gasoline.

There are only several papers reported on the ad-
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Fig. 1. Schematic diagram of online pulse-reaction chromatogra-

sorption and reaction of thiophene. Before 1980s, most phy.

of the studies focused in the adsorption of thiophene
on Ni/SiQ, HY and H-montmorillonitd13—-16] Un-
til 1990s, reports on the cracking of thiophene over
ZSM-5, HY and Beta, etc. were publish§7—22]

The additive for sulfur reduction of FCC gasoline
invented by Kim[5,6] is composed of materials that
can adsorb sulfides selectively, and the cracking of sul-

with 2mm inner diameter. Liquid sample pulsed is
gasified at the sampling inlet and is carried by carry
gas to the catalyst bed to react to products that go
directly into the column after distributary and are de-
tected by FID. To ensure the sample pulsed to gasify

fides is dependent on acid sites of the zeolites on FCC quickly and completely, the temperature at sampling

catalyst. Generally, USY is the most important com-
ponent to play cracking role in FCC catalyst. In this

paper, therefore, the mechanism of thiophene crack-

ing over the USY zeolite was studied with online
pulse-reaction chromatography and MS transient re-
sponse technique.

2. Experimental

Zhoucun Catalyst Factory provided the USY ze-
olite. Thiophene andi-heptane are all of analytical
pureness. pland Ar are all of high pureness. The cata-
lyst for gasoline desulfurization via catalytic cracking
was prepared with impregnation plus co-precipitation
[23].

Fig. 1 shows the schematic diagram of on-
line pulse-reaction chromatography (HP4890 with
PONA7531 column and FID detector). Between the
sampling inlet and the column, there is a mini reactor

inlet is controlled at 250C. The flow rate of carry
gas (high purenessJ\is 30 ml/min. USY zeolite of
14 mg (0.078-0.18 mm) is used andillsample is
pulsed in the experiments.

Furthermore, thiopheneheptane (sulfur content
0.33%, Burning-Light method) and FCC gasoline dis-
tillate higher than 100C (sulfur content 165{.g/g)
are used as the feeds to react in a fixed bed re-
actor with 259 catalyst to validate the results ob-
tained from online pulse-reaction chromatography.
Thiophenef-heptane of 10 g or the gasoline distillate
is pumped into the reactor within 1 min. Sulfides in
the liquid product collected in the condenser are an-
alyzed with Varian3800 chromatography combined
with CB80 column and PFPD detector. Sulfur con-
tent of the liquid product is also measured with
Burning-Light method.

The apparatus of MS transient response has been
described somewhel@4]. USY of 30 mg is placed
in the middle of the quartz reactor. To quicken
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response time, the other space of the reactor is filled w5k
with 0.3-0.45 mm quartz sand. The effluents are de-
tected with a quadrupole mass spectrometer (AMTEK 6.00EF Thiophene
QuadLink 1000) with the minimum dwell time of
3ms. o 450F
ﬂ)I:L
=) H,S
T 3.00F )
/ Benzothiophene
3. Results

3.1. Thiophene cracking over the USY zeolite T ]
0 50 100 150 200 250 300

USY of 14 mg was placed in the reactor of online hs

pulse-reaction chromatography and the height of the rig. 3. Transient responses of pure thiophene pulse over the USY
catalyst bed was 4 mm. When the temperature of the zeolite catalyst at 49tC.
reactor increased to 49C in 30 ml/min N> gas-flow
and the chromatography was stable, a pure thiophene
pulse was conducted. The results were shown in molecules or thiophene and hydrocarbon fragments.
Fig. 2 The conversion of thiophene is very low, not In addition, after several thiophene pulses, significant
more than 4%. The main products include hydrocar- coke deposits on the USY zeolite, which illustrates
bons (propane, propylene, isobutane, 1-butene, 2-thatdehydrogenation of hydrocarbons or hydrocarbon
butene) and sulfides (un-reacted thiophene, 2-methyl- fragments or sulfides must take place during the reac-
thiophene, 3-methyl-thiophene and benzothiophene). tion. That no BS peak is detected does not mean that
The reason that the conversion of thiophene is very there is no HS produced during the reaction. The
low may be ascribed to the very short contact time following MS transient response experiments prove
(less than 102 s). The formation of butane and butene that H;S is surely produced along with the cracking
indicates that the ring of thiophene is opened and S is of thiophene. The reason that ng$ipeak is detected
removed. Furthermore, hydrogen transfer must hap- here may be the strong adsorption betwees$ ldnd
pen simultaneously, otherwise only high-unsaturated the PONA column.
hydrocarbon can be produced. If a thiophene cracks USY zeolite of 30 mg was used in the experiments
to a butene and a 4%, it must obtain six hydrogen of MS transient response. The flow rate of the carry
atoms. Under the experimental conditions, ng H gas Ar was also 30 ml/min. At 49@, 2l thiophene
participates in the reaction. So hydrogen can only was pulsed and the results were showirig. 3. The
be obtained via hydrogen transfer among thiophene characteristic peak of ¥ (n/e = 34) was detected
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Fig. 2. Chromatograph of pure thiophene reacting over the USY zeolite atCi90
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Fig. 4. Products of thiophene reacting over the USY zeolite catalyst at@@Malyzed with PFPD detector.

and almost appeared with that of thiophene simultane- 3.2. Effect of temperature on thiophene cracking

ously. This supports effectively our opinion that thio-

phene can crack over the USY zeolite to produg&H The other conditions were the same as thatigf 2,

Furthermore, benzothiophene (e = 134) was also  and pure thiophene pulses were carried outin the appa-

detected and it appeared a little later than thiophene ratus of online pulse-reaction chromatography at dif-

and HS. ferent temperature. The conversion of thiophene and
Besides butane, butene angSipropylene, methyl-  the yield of benzothiophene with temperature were

thiophene and benzothiophene are also produced indepicted inFig. 5. The conversion of thiophene does

the cracking of thiophene. As indicates that the crack- not increase with temperature monotonously, but has
ing of thiophene is very complex. To validate these

results, thiophenatheptane (sulfur content 0.33%)

. . 6.0

were used as the feed to react in a fixed bed reac- A Thiophene Conversion
tor with 25g USY zeolite at 490C. After reaction 50EF o R IeRR e
the sulfur content of the liquid product is reduced

to 0.13 and 61% sulfur has been removed. Obvi- 40F ay

ously, the cracking desulfurization of thiophene is a

the dominant reaction. Sulfide analysis shows that . 3CF .
in the liquid product there are thiophene, 2-methyl- o ‘

thiophene, 3-methyl-thiophene, benzothiophene and ’ “ 5 » "
a little di-methyl-thiophene and tri-methyl-thiophene, 10E

where thiophene unconverted, benzothiophene, 2- ’

methyl-thiophene and 3-methyl-thiophene account for 0.0 B — — — — —

340 360 380 400 420 440 460

67, 20, 5 and 3%, respectivellif. 4). That indicates -0

that, except for cracking, thiophene can form other
sulfides, and benzothiophene and 2-methyl-thiophene rig. 5. Trends of thiophene conversion and the yield of benzoth-
are easy to be produced. iophene with temperature.
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Table 1
The type and distribution of sulfides in the gasoline before and after desulfurization via catalytic cracking. (Qeltaty815, temperature
is 410°C. All the following values represent the amount of sulfur, not sulfide.)

Before desulfur After desulfur Before desulfur After desulfur Sulfur removal

(%) (%) (ro/9) (rg/g) percent (%)
Thiophene 0.69 8.02 115 23.1 -102
Mercaptans 0.32 0.08 5.35 0.243 95.5
2-, 3-Methyl-thiophene 14.4 43.6 238 126 47.5
Thioethers and disulfides 11.1 3.72 184 10.7 94.2
Cy-substituted thiophene 345 30.6 569 88.1 84.5
Cs-substituted thiophene 26.5 10.3 438 29.6 93.3
Cy-substituted thiophene 12.5 3.68 201 10.6 94.8
Total 100 100 1650 288 82.5

a maximum at about 40@. Luo et al.[19] also re- In the gasoline distillate, more than 88% sulfur ex-
ported that there is a maximum conversion of thio- ists in thiophene species with different alkyls or alkyl
phene at 400C when thiophene/ethanol crack over number Table ). In Wormsbecher’s opinion, thio-
HZSM-5. InFig. 5, the yield of benzothiophene with  phene species are Lewis base and can adsorb on Lewis
temperature has the same trend as that of the conver-acid siteq5,6]. So we choose ZnO/AD3, which can
sion of thiophene, which implies that the formation of form Lewis acid sites, as the support to adsorb sul-
benzothiophene has some direct relations with thio- fides selectively from the gasoline distillate and the
phene cracking. USY zeolite as the cracking sites for sulfides to form
Hydrogen transfer plays very important role in the catalyst that can crack sulfides in gasoline selec-
thiophene cracking[25]. Hydrogen transfer is an tively (Fig. 6). After the gasoline distillate reacted
exothermic reaction, and high temperature restrains over the catalyst at the same conditions (400and
the reaction. Cracking, however, is an endothermic catalysfoil = 2.5), the sulfur content was reduced
reaction, and high temperature promotes the reaction.to 288u.g/g with the gasoline yield higher than 94%.
That 400°C is the optimal temperature for thiophene Obviously, the catalyst has excellent selectivity to sul-
cracking indicates that hydrogen transfer is an impor- fides cracking.
tant elementary step and not to only saturate those In Table 1 more than 84% mercaptans (indicat-
products from thiophene cracking. Otherwise, the ing the percent of sulfur; the following is the same),
conversion of thiophene should increase with tempera-
ture. Furthermore, the conversion of thiophene and the
yield of benzothiophene have the same trend with tem-
perature may mean that the cracking of thiophene is
the precondition of the formation of benzothiophene.

Support for
sulfide
adsorbing

3.3. Gasoline desulfurization via catalytic cracking

USY zeolite has excellent cracking activity for sul-

fides but bad selectivity. When the FCC gasoline dis-
tillate higher than 100C, whose sulfur content is
1650u1g/g, reacted over it under 42C and the cata-
lyst/oil ratio of 2.5, the sulfur content was reduced to
less than 10Q.g/g, however, the yield of gasoline was
only about 40% and about 60% the gasoline distil-

Sites for
promoting
hydrogen

transfer Sites for

cracking and
hydrogen transfer

late cracked to gas. Obviously, the USY zeolite cannot rig. 6. Schematic diagram of the catalyst for gasoline desulfur-

crack sulfides selectively.

ization via catalytic cracking.
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Fig. 7. Trends of yield and sulfur content of gasoline with tem-
perature over the catalyst for gasoline desulfurization via catalytic
cracking (catalysbil = 2.5).

thioethers, disulfides, £substituted thiophene, €
substituted thiophene ands@Gubstituted thiophene
(including only minimum benzothiophene) has been
removed. They are all higher than the total sul-
fur removal percent 82.5%. 2-Methyl-thiophene and
3-methyl-thiophene are difficult to be removed rel-
atively and the sulfur removal percent is only 47%.
However, the amount of thiophene, although only
small, has increased more than 100%. In our opin-
ion, this does not mean thiophene cannot or is dif-
ficult to desulfurize via cracking, but it may mean
that alkyl-thiophene can form thiophene via de-alkyl
reaction.

We also investigated the effect of temperature on
sulfur removal. InFig. 7, we can see that the yield
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Then it decomposes to produce$lvia pyrogena-
tion or catalysis. Wang’'R0] viewpoint is completely
different. He thought that thiophene firstly obtains
hydrogen to form tetra-hydrogen-thiophene, and
then tetra-hydrogen-thiophene decomposes to pro-
duce HBS. In the experiments, however, we did not
find tetra-hydrogen-thiophene and larger molecules
than benzothiophene. Saintigny et §1] studied
the mechanism of thiophene cracking over acid cat-
alyst in theory and suggested that one of the C-S
bonds breaks firstly on acid sites to form surface
HC=C-CH-=CH-SH, whose C-S bond then breaks
to HC=C—C=CH and HS. In the mechanism, hy-
drogen transfer does not happen. If so, cracking will
be the dominant reaction and high temperature will
favor thiophene cracking. However, our experimental
results show that about 40Q is the optimum tem-
perature for thiophene desulfurization via cracking
(Fig. 5. This is consistent to Luo’d9] report. There-
fore, the cracking desulfurization of thiophene must
be limited by other reactions. Based on our experi-
mental results, we suggested that thiophene cracks by
the mechanisms describedfigs. 8—-10

Thiophene firstly obtains proton on the B acid
sites of USY to form carbonium ion, and then the
C-S bond ap position breaks for its bond energy is
268 kJ/mol, the lowest among that of C—H, C—C and

of gasoline after desulfurizaton via cracking decreases C=C. Thus, the ring of thiophene opens to form mer-

monotonously with temperature under catalyst/oil ra-
tio of 2.5 for cracking reaction of hydrocarbons is ex-
pedited. However, sulfur content has a minimum value
between 390 and 42C. It seems that high tempera-
ture is not favorable for sulfide cracking.

4. Discussion
4.1. Cracking of thiophene
For thiophene desulfurization via cracking, Luo

et al. [19] thought that the following species similar
to thioether in property is formed firstly.

captan species with two double bondsy; 8). After
carbonium ion isomerization and hydrogen transfer,
the remaining C-S bond of the mercaptanBapo-
sition breaks, and §6 and dibutene are produced.
Through hydrogen transfer, dibutene can convert to
butene and even butane.

Besides butane and butene, propylene is also pro-
duced during the cracking of thiophene. In our opin-
ion, the formation of propylene has close relations
with the formation of methyl-thiophene. Fig. 8 the
mercaptan with two double bonds from ring open of
thiophene polymerizes with thiophene. If polymer-
ization happens a# position in Fig. 8 Species A
is produced. After carbonium ion isomerization and
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Fig. 8. The formation of butene and,H in the cracking of thiophene.

hydrogen transferHig. 9), the C—S bond & position

of A breaks, and HS and 2-butenyl-thiophene are
produced. 2-Butenyl-thiophene cracks fatposition

to 2-methyl-thiophene and propylene after hydrogen
transfer.

If polymerization between the mercaptan with two
double bonds and thiophene happeng @bsition in
Fig. 8 Species B is formed and 3-methyl-thiophene
is produced by the above reactions. If thiophene
polymerizes with two or three mercaptans with two
double bonds at different position simultaneously,
di- or tri-methyl-thiophene is formed. For the prob-
ability that thiophene polymerizes with two or three
mercaptans simultaneously is lower than that poly-

merizing with one mercaptan even if we do not
consider the effect of space obstruction, the quantity
of di- or tri-methyl-thiophene is smaller than that of
methyl-thiophene. Fax position of thiophene is more
active than@ position[26], the quantity of 2-methyl-
thiophene is larger than that of 3-methyl-thiophene in
Fig. 4.

Figs. 8 and Qalso illustrate that cracking and hy-
drogen transfer are two important elementary steps. If
any one of the two is blocked, the cracking desulfur-
ization of thiophene will be affected. Just because hy-
drogen transfer is also an important reaction affecting
thiophene and thiophene species to desulfurize via cat-
alytic cracking, the optimum temperature appears in



124 H.H. Shan et al./ Catalysis Today 77 (2002) 117-126

" E Hrdropen H b
—_ -’fx Tranzfar — fn: B L
i | ||:_|:| E f—C—1§ E—Cl |C—C| C| C.'-—ll 5—IE
_r\xs.‘-‘ |_ |_ |_|_ Carboniam Ionm Ry |_ |_ | |_ -
I I E ¥ Isomerizaticn I I T E
l-ES
| B Erdrogen E :{
\,'[— "fn :§ LS Trans fer - KI E E
| 1 o+ ' | B
" _c\\s__-__c_,f _T_ li_cl_ T i) —stft—li—l:l— E:Cl
K H HE EH H H )}
l Cracking
H
B —_ {fl{ K . i1 I
I S I B
I—C\S'/C—Cl—n |_ I EE— |,’I=T—T—]I
E L B I E I

Fig. 9. The formation of propylene and 2-methyl-thiophene in the cracking of thiophene.

Fig. 5for low temperature limits cracking reaction and rate-limited step, so the yield of benzothiophene and

high temperature is unfavorable for hydrogen transfer. the conversion of thiophene with temperature have the
In Fig. 8 if H2S is removed from Species A via same trendKig. 5).

B cracking after double bond isomerization and car-

bonium ion isomerization, 1,3-butenyl-thiophene will 4.2, Cracking of alkyl-substituted thiophene

be formed. Benzothiophene can be produced through

cyclization of 1,3-butenyl-thiophené-ig. 10. Obvi- In the gasoline distillate higher than 100 we

ously, ring open of thiophene is the precondition of used as the feed, the amounts of mercaptans, thio-

the formation of thiophene, and the step may be the ethers and disulfides are small and they are all easy to

H H
Ne—c/ H bouble-bond N H .
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Fig. 10. The formation of benzothiophene in the cracking of thiophene.
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desulfurize via catalytic cracking. After the reaction, possible to exist in large amount), the easier the thio-
more than 94% are removed. The amount of thiophene phene cycle is to crack. So the conversion of alkyl-

is also very small, whose sulfur is 11u8/g, only thiophene increases with the carbon number of alkyl.
accounts for 0.69% of total sulfur. After desulfuriza- Furthermore, the conversion of alkyl-substituted

tion, it does not decrease, but increases to g8/t). species is also the result of the synergism of cracking
According to the experimental results with pure thio- and hydrogen transfer. This is the same as that of thio-
phene, here it is impossible for thiophene not to crack, phene. Otherwise, we will not be able to explain why

and the reasonable explanation, in our opinion, is that the optimum temperature for sulfur removal appears
alkyl-substituted thiophene species, which is large in Fig. 7.

amount, can form thiophene via de-alkyl reaction.

In the gasoline distillate there are many thiophene
species with different alkyl substitutions. Obviously,
the environment is different from what we use pure
thiophene or high concentration thiophene in heptane
as the reactant. Here the amount of thiophene is very
small and that its conversion may be restrained by
its low concentration. However, this looks incredible.
According to the results listed ifable 1 with the in-
crease of carbon number of substituted alkyl, the con-
version of alkyl-substituted thiophene species rises,
and it seems that the conversion is independent on the
concentration, for the concentration of-Substituted
thiophene is lower than that of,€or Cs-substituted
thiophene but the conversion is higher than theirs. So
the conclusion that ‘multi-alkyl’ may favor the crack-
ing desulfurization of thiophene species can be made
It is well known that iso-alkane is easier to crack than
n-alkane. If the alkyl exists a& position, then the
tetra-carbonium shown ifrig. 11is more stable. If
B-scission takes place at bond 1, then a mercaptan
species is formed; i8-scission takes place at bond 2,
then a thioether species is formed. No matter which
one is produced, they are all easier to desulfurize via
craclgng. If the alkyl eX'St.S a posmgn, then through timum for thiophene and alkyl-thiophene species to
B-scission of the carbonium two kinds of mercaptan desulfurize via crackin

; : g.
species are produced. They are also easier to desulfur-
ize via cracking. Perhaps the more the alkyls (in FCC
gasoline, the thiophene species with long alkyl is im-  Acknowledgements

5. Conclusions

Thiophene can crack over the USY zeolite to
propylene, butane, butene ang3 Accompanying
by cracking reaction, 2-methyl-thiophene, 3-methyl-
thiophene, di-methyl-thiophene, tri-methyl-thiophene
and benzothiophene are also formed, but cracking
desulfurization is the dominant reaction.

Compared to thiophene, alkyl-thiophene species in
gasoline are easier to desulfurize via cracking over
the specially prepared sulfur removal catalyst with
the USY zeolite as the cracking component, and
the conversion increases with the alkyl carbon num-
ber of alkyl-thiophene. The conversion sequence is
thiophene< 2 or 3-methyl-thiophene< C,-substi-
"tuted thiophene< Cgz-substituted thiophene: Cs-
substituted thiophene (not including benzothiophene).

Cracking and hydrogen transfer are two impor-
tant elementary reaction steps for thiophene and
alkyl-thiophene species to desulfurize via cracking.
Higher temperature favors the former, while lower is
favorable for the latter. The synergism of cracking
and hydrogen transfer makes about 4G0the op-
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