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a  b  s  t  r  a  c  t

The  thioetherification  reaction  of  1-butanethiol  and  1-hexene  dissolved  in n-hexane  was investigated
over  sulfided  Mo-Ni/Al2O3 catalysts.  The  experimental  results  showed  the  catalysts  have  good  cat-
alytic  performance  for thioetherification  reaction,  but  the  isomerization  and  hydrogenation  reactions
of  olefins  over  the  catalysts  can  inhibit  thioetherification  reaction.  As  reaction  temperature  increases,
the  isomerization  and hydrogenation  reactions  of  olefins  increase  rapidly,  however,  the  inhibition  of
thioetherification  reaction  also  increases.  The  sulfur  distribution  and molecular  structures  of sulfur
compounds  in  the  products  were  analyzed  by the  gas  chromatograph  with  sulfur  chemiluminescence
detector  (GC-SCD)  and  the  gas  chromatograph/mass  spectra  spectrometry  (GC/MS).  Two  possible  routes
of thioetherification  reaction  could  be observed.  At  low  temperature,  the  major  pathway  involves  a  direct
addition of 1-butanethiol  to  the  terminal  carbon  of  double  bond  of  1-hexene.  In  this  mechanism,  the  main
product is  anti-Markovnikov  adduct.  At a higher  temperature,  the C S bond  of  1-butanethiol  can  be  sub-
ulfided Mo-Ni/Al2O3 catalysts sequently  cleaved,  and  the  adsorbed  -SH  species  can  be  formed  on  the  catalysts.  On  the same  time,
abundant  1-hexene  can  be  absorbed  on the  catalysts,  as well.  Therefore,  the  adsorbed  SH species  can
then  recombine  with  adsorbed  1-hexene  to form  new  hexyl-mercaptans,  which  can  continue  to  produce
another  kind  of thioether  (di-hexyl  sulfide)  with  adsorbed  1-hexene.  Similar  with  the  first  reaction  route,
the thioether  of the  anti-Markonikov  adduct  still  dominates  in  the  product.

© 2014  Published  by  Elsevier  B.V.
. Introduction

Thioetherification (or thiol-ene reaction) is an addition reac-
ion of mercaptans with olefins, which can convert mercaptans into
hioethers [1–4] and other sulfur compounds. This process can be
sed to remove mercaptans in the fluid catalytically cracked (FCC)
aphtha streams [2,3]. It is reported [5] that the olefins are mainly

n the low boiling fraction (LCN) in the creaked naphtha, and the
redominant light boiling sulfur compounds are mercaptans (RSH)

n LCN. Therefore, thioetherification can be used to transform mer-
aptans in the light boiling range naphtha (LCN) into thioethers.
he heavier molecule thioethers can go into the heavy boiling

ange naphtha (HCN) fractions. Then, thioethers and other sulfur
ompounds in HCN are removed in a subsequent HCN hydrodesul-
urization (HDS) step. This process can avoid FCC gasoline octane

∗ Corresponding author at: State Key Laboratory of Heavy Oil processing, China
niversity of Petroleum, No. 18 Fuxue Road, 102249 Changping District, Beijing,
hina. Tel.: +86 10 89733372.

E-mail addresses: keming@cup.edu.cn, shixin611@sina.com (M.  Ke).

ttp://dx.doi.org/10.1016/j.molcata.2014.09.034
381-1169/© 2014 Published by Elsevier B.V.
number loss caused by the olefin saturation during full fraction
gasoline HDS stage [6,7]. Thioetherification process is usually per-
formed under the H2 atmosphere over the sulfided metal catalysts
[3,8]. Therefore, diolefins in the FCC gasoline can also be simul-
taneously hydrogenated into mono-olefins or alkanes, which can
prevent polymerization of diolefins on the catalysts of HDS  unit.
The gum formed by the polymerization of diolefins can reduce the
activity and life of the HDS catalysts [8].

The thioetherification reactions of thiols with carbon-carbon
double bonds (or simply “enes”) were noted in a much cited
articles in 1905 [1], which clearly indicated the general concept
of reactions between thiols and olefins. During the last century,
two kinds of reaction formulas were proposed in Scheme 1: thiol
free-radical addition to carbon carbon double bonds to give the
anti-Markovnilov adducts [9–11], and the acid catalyzed thiol
electrophilic addition to carbon carbon double bonds to provide
Markovnikov adducts [12,13]. Applications of the thiol-ene reac-

tion with free-radical addition are widely used in both polymer
and synthetic chemistry.

Sulfided transition metals, such as Ni, Pt, Pd and Ag, have been
reported to be applied into the thioetherification process in some

dx.doi.org/10.1016/j.molcata.2014.09.034
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.09.034&domain=pdf
mailto:keming@cup.edu.cn
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Table 1
Textural properties of Mo-Ni/Al2O3 catalyst.

Textural properties Data

Chemical compositions
NiO (wt%) 10.12
MoO3 (wt%) 5.45

2 −1
Scheme 1. General reaction formulas of thioetherification.

iterature [16–20]. All those transition metals have some catalytic
ctivity for thioetherification. Especially, Mo  promoted Ni/Al2O3
atalysts had displayed good thioetherification reaction perfor-
ance for mercaptans and di-olefins in our previous study [14,15].
owever, some new reaction findings have been investigated. Mo-
i/Al2O3 catalysts also have good performance for mercaptans and
ono-olefins and the distribution and structures of thiothers do

ot obeyed traditional Markonikov Rule. At present, there is almost
o literature discussing thiotherification reaction mechanisms over
ulfided metal catalysts. Therefore, it is difficult to continue to study
he reaction and improve its catalysts deeply.

In this paper, thiotherification reaction mechanisms over sul-
ded metal catalysts were researched through studying and citing
he reaction behaviors of thiols and olefins in other chemical reac-
ions, such as desulfurization and hydrogenolysis of alkanethiols
nd disulfides [16–18] and hydrogenation of olefins over sulfided
etal catalysts. Kieran et al. [18] reported catalytic reaction of

thyl mercaptan on MoS2 catalysts. The results showed there
ere two ways of bond cleaving for mercaptans: cleavages of

 S and S H. The order in which chemical bonds were activated
as H H > H S > C S > C H > C C. They also discovered that thio-

ates have been proposed as intermediates in hydrodesulfurization
eaction, which was proved by other researchers. For example,
ethane-thiol could be dissociated to form methane-thiolate on

he metal catalsts, such as Ni(1 1 1) [19], Pt(1 1 1) [20], Mo(1 1 0)
21], W(2  1 1) [22], Cu(1 0 0) [23] and Fe(1 0 0)[24]. And then the

 S bond of the methane-thiolate could continue cleaving on sul-
ded metal catalysts [25].

In this work, the thioetherification reaction for 1-butanethiol
nd 1-hexene in the blended oil was investigated over the sulfided
o-Ni/�-Al2O3. After the reaction, the destination of sulfur atom of

-butanethiol, sulfur compounds distribution and molecular struc-
ures of sulfur compounds in the product were analyzed to detect
ossible reaction pathways of thioetherification for 1-butanethiol
nd 1-hexene.

. Experimental

.1. Catalyst and chemicals

The Mo-Ni/Al2O3 catalysts were prepared by the co-
mpregnation of the appropriate amounts of Ni(NO3)2·6H2O
nd (NH4)6Mo7O24·4H2O precursors onto the commercial �-Al2O3
upport. The catalysts were obtained by drying at 100 ◦C for 6 h
nd then calcinating at 550 ◦C for 4 h. The textural properties of
o-Ni/Al2O3 catalysts were shown in Table 1. And other physic-

hemical properties of the oxidated and sulfided Mo-Ni catalysts
ould be referenced in our previous papers [14,15].

Nickel nitrate hexahydrate (98%), ammonium molybdate
etrahydrate (97%), n-hexane(95%) and carbon disulfide (99%) were
urchased from Sinopharm Chemical Reagent Co., Ltd., and 1-

utanethiol (98%) and 1-hexene (97%) from Alfa Aesar, Johnson
atthey Company. H2 was purchased from Beijing Haipu Gas Com-

any.
Specific surface area (m g ) 244
Pore volume (cm3 g−1) 0.42
Pore diameter (nm) 7.6

2.2. Reaction system

The catalytic reaction of thioetherification was carried out in a
fixed bed flow reactor system. This apparatus consists of a gas-
feeding system controlled by a mass flow meter and a syringe
pump liquid feeding system. The reactor, with an internal diameter
of 10 mm,  was loaded with the 5 ml  catalyst sample. The cata-
lysts were in situ presulfurized with n-hexane contained 2 wt% CS2.
Then, catalytic performance was tested by the mixture of 20 wt% 1-
hexene, and 100 �g/g 1-butanethiol in n-hexane over the sulfided
Mo-Ni/Al2O3 catalysts. The liquid feed and H2 were input by the
pump and the mass flow controller, respectively. Both reactants
were mixed before they entered the reactor. The gas and liquid
products were collected in a storage tank after a condenser. A back
pressure valve connected with the storage tank to control the pres-
sure of the reactor system. The experiments were carried out under
the condition of the pressure 1 MPa, the volume ratio of H2 and feed
10, and the liquid hourly space velocity 4 h−1. The reaction temper-
atures were in the range of 70–140 ◦C. After a stabilization period
of 10 h, reaction products were collected and analyzed per 4 h. In
the experiment process, in order to improve the comparability of
results of different reaction conditions, the catalysts were replaced
and presulfurized under the same conditions when the experimen-
tal conditions were adjusted. All quantitative data are an average
value of 5 continuous samples.

2.3. Analysis

The hydrocarbon compositions of the feed stocks and products
were determined with an Agilent 1790 gas chromatograph (GC)
installed with a flame ionization detector (FID) and an HP-PONA
capillary column (50 m × 0.2 mm). The detector and injector tem-
peratures are both 250 ◦C. The split ratio is 1/80. The column oven
temperature is 40–150 ◦C and the heating rate is 8 ◦C/min.

The sulfur compounds of liquid products were analyzed by a gas
chromatograph/mass spectra spectrometry (GC/MS) (Shimadzu
GC17A/QP-500) for qualitative analysis (The chromatographic col-
umn  is Agilent HP-FFAP (30 m × 0.25 mm × 0.25 �m), the detector
of GC is also FID, the injector temperature is 250 ◦C, the split ratio
is 100:1, the column oven temperature program is start temper-
ature 50 ◦C keeping 1 min, and then rising to 240 ◦C in ramp of
5 ◦C/min; mass spectra is a full-scan in the molecular weight range
of 35–400 amu) and were detected by an Agilent 6890N gas chro-
matograph with a sulfur chemiluminescence detector (GC-SCD)
and a quartz capillary column (50 m × 0.25 m) for quantitative anal-
ysis (Analysis conditions: the detector and injector temperatures
are both 250 ◦C, the initial column oven temperature is 70 ◦C and
then rises to 250 ◦C by the heating rate 10 ◦C/min).

The sulfur contents of gas phase were detected by another
Agilent 6890 N gas chromatograph with a pulsed flame photo-
metric detector (GC-PFPD) and two line of columns. One is HP1
(60 m × 320 �m × 5 �m),  another is Gaspro PLOT (60 m × 320 �m).

Analysis conditions: the detector and injector temperatures are
100 ◦C and 250 ◦C, respectively. The initial column oven temper-
ature is 70 ◦C and stays 4 min, then rises to 250 ◦C by the heating
rate20 ◦C/min for another 10 min.
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The contents of total sulfur in the feed stocks and products
ere measured by a WK-2C micro-coulombmeter (Jiangsu Jiangfen

lectroanalytical Instrument Co., PR China). The process was  oper-
ted according to ASTM D3120-82. The mercaptan-sulfur contents
f the feed and products were analyzed by the potentiometric titra-
ion method according to ASTM D3227-83.

. Results and discussion

.1. Reaction performance over sulfided Mo-Ni/Al2O3 catalysts

Table 2 gives the contents of total sulfur and 1-butanethiol in
he feed and reaction products which were collected at the reac-
ion temperatures of 80 and 110 ◦C, respectively. 1-Butanethiol is
he only sulfur source in the feed. From Table 2, it can be noted that,
fter the reaction, the content of 1-butanethiol decreases and the
otal sulfur content remains stable in the products. Therefore, it can
e concluded that the reduction of 1-butanethiol is not caused by
irect desulfurization, but caused by the transformation of mer-
aptans to thioethers. In addition, it also can be observed from
able 2 that the carbon carbon bonds of 1-hexene has been iso-
erized and hydrogenated in the thioetherification process. The

erminal C C bond of the olefins has been transformed into inter-
al olefins (2-hexene and 3-hexene) over the sulfided Mo-Ni/Al2O3
atalysts. The isomerization of 1-hexene was discovered and con-
rmed by GC analysis as shown in Table 2. As the temperature

ncreases, 1.72 wt% of hexene is hydrogenated to n-hexane and the
onversions of isomerization and hydrogenation are also gradu-
lly improved. Table 2 also displayed that no H2S and other sulfur
ompounds were detected in gas phase of the products, which
roved further that 1-butanethiol is not hydrodesulfurized. So, we
an conclude that sulfided Mo-Ni/Al2O3 catalysts have good thio-
etherification reaction performance and selectivity.

Fig. 1 demonstrates the trends of the conversions of mercap-
ans and 1-hexene in the blended oil over sulfided Mo-Ni/Al2O3
atalysts as the reaction temperature increases. It can be seen that
he temperature has a great impact on the thioetherification and
onversion reactions of 1-hexene. When the reaction temperature
s below 110 ◦C, the conversion of mercaptans increases quickly

ith the temperature and reaches the maximum value 97 wt% at
10 ◦C. However, the conversion of mercaptans decreases slightly
fter 110 ◦C. Due to steric effect, it may  be expected that the reac-
ivity of terminal olefins is higher than that of internal olefins in the
hioetherification. Therefore, the reduction of 1-hexene in the reac-
ion system does not favor of the mercaptans conversion. Si et al.
26] believed that the reaction of forming thioethers and isomeriza-
ion of olefins were competitive reactions on the same active sites
f NiMoS/Al2O3. Therefore, it can be concluded that, at a higher

emperature (>110 ◦C), the thioetherification will be inhibited, but
he isomerization and hydrogenation rate of 1-hexene will be accel-
rated. Temperature is an important parameter to conversion and
electivity of 1-butanethiol in the thioetherification process.

able 2
ulfur balance and comparison of olefin content in the feed and products.

Feed Product in different temperature

80 ◦C 110 ◦C

Liquid phase
Sulfur content, �g/g 101.27 101.12 100.98
1-Butanethiol, �g/g 101.27 30.67 0
1-Hexene, wt%  10.25 4.83 1.26
2-Hexene, wt%  – 3.97 4.68
3-Hexene, wt%  – 1.45 2.43
n-Hexane, wt% – – 1.72

Gas phase
Sulfur content, �g/g – 0 0
Fig. 1. Relations of the conversions of mercaptan and 1-hexene with the reaction
temperatures.

3.2. Sulfur compounds distribution of the products

GC spectrum of the sulfur compounds in the feed, and prod-
ucts from reaction temperature 80 ◦C and 110 ◦C were given in
Fig. 2, respectively. It is evident that there are different reaction
pathways to transform mercaptans to other sulfur compounds
at different reaction temperatures. The chromatographic peak at
around 10.17 min  is 1-butanethiol. The peak area decreases as the
reaction temperature increases to 110 ◦C and the conversion of
1-butanethiol is up to 100%. The peaks at around 14.16 min  and
15.45 min can be attributed to two isomers of hexylmercaptan (2-
hexylmercaptan and 1-hexylmercaptan) by a comparison of mass
spectrum of GC/MS analysis to the standard spectrum, as described
in Fig. 3. The new mercaptans may be formed by the recombination
of -SH fragments of 1-butanethiol with 1-hexene.

The sulfur compound at around 18.93 min  of GC-SCD might be
so tiny that it was not detected in the GC/MS. However, the sulfur
compound could be speculated to be dibutyl sulfide based on sulfur
distribution in the product. And then the standard sample of dibutyl
sulfide was  used to its residence time of GC-SCD under the same
conditions. The result was  displayed in Fig. 3. The peak position
of pure dibutyl sulfide is at around 18.9 min  and is according to
GC-SCD of the product. Therefore, the sulfur compound at around
18.93 min was  confirmed to dibutyl sulfide, which was produced
by the dehydrothion of 1-butanethiols (Fig. 4).

In Fig. 2b and c, there are two  kind of sulfur compounds
at the retention time of both 21.4 min, 22.5 min, 24.6 min and
25.7 min, which are main products formed by the direct addi-
tion of thiols and olefins in the thioetherification. Based on the
mass spectra of the GC/MS analysis (Fig. 5) and the mass spec-
trometric decomposition process of thioethers [27], the sulfur
compounds could be speculated to be two kinds of isomers of
butyl hexyl sulfides (No. 5 and No. 6 compounds in Table 3)
and di-dexyl sulfides (No. 7 and No. 8 compounds in Table 3),
which are Markonikov and anti-Markonikov adduct thioethers,
respectively. The anti-Markonikov adduct butyl hexyl sulfide and
di-dexyl sulfide (CH3CH2CH2CH2 S CH2CH2CH2CH2CH2CH3 and
CH3CH2CH2CH2CH2CH2 S CH2CH2CH2CH2CH2CH3) are the dom-
inant products.

Fig. 2 and Table 3 showed that as the reaction temperature
increases, the major products of thioetherification reaction are

gradually changed from butyl hexyl sulfides to di-dexyl sulfides.
At 80 ◦C, butyl hexyl sulfides might be produced by the direct
addition of 1-butanethiol and hexane. When the temperature rises
to 110 ◦C, the C S bond of 1-butanethiol might be cleaved and
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Fig. 2. The GC spectrum of sulfur compounds for the feed and the products: (a) feed, (b) product under 80 ◦C, and (c) product in the 110 ◦C, * is internal standard diphenyl
sulfide.
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Fig. 3. Mass spectra of 14.1 min

hen recombine with hexene to form hexylmercaptans and di-
exyl sulfides, especially for di-hexyl sulfides. By comparing Fig. 2b
ith Fig. 2c, the mass fraction of the butyl hexyl sulfides in the

eaction system decreased slightly from 80 ◦C to 110 ◦C. Never-
heless, the mass fraction of the di-hexyl sulfides in the reaction
ystem increased significantly from 7.83% to 48.44% as the reaction
emperature increased from 80 to 110 ◦C. As well, conversion of 1-
utanethiol was improved from 30.33% at 80 ◦C to 100% at 110 ◦C.
hus, it can be concluded that the C S bond of 1-butanethiol has

een cleaved over the sulfided Mo-Ni/Al2O3 catalysts. And the for-
ation of the adsorbed SH species on the catalysts recombined
ith a molecule of hexene to form hexyl-thiols, which can con-

inue to react with hexene to produce di-hexyl sulfides at the higher
nd 15.4 min (b) in the product.

temperature. In addition, the production of di-hexyl sulfides
accelerates the conversion of 1-butanethiol dramatically in the
thioetherification process.

3.3. Reaction pathways

From Fig. 2 and Table 3, it is shown that the distribution of reac-
tion products are very complex, and the reaction mechanism is also

contrary to the typical Markonikov adduct based on the carbenium
ion reaction mechanism. It can be concluded the active sites for
thioetherification are not the acid sites but the metal active sites
of the catalysts. Thus, the reaction pathways for thioetherification
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Table  3
Sulfur compounds distribution of the product.

GC-PFPD No. GC-PFPD residence time, min  Sulfur compounds Relative content, wt%

80 ◦C 110 ◦C

1 10.1 CH3CH2CH2 SH 30.33 0

2  14.1

CH3CH2CH2CH2CHCH3

SH 4.20 3.31
3  15.4 CH3CH2CH2CH2CH2CH2 SH 3.38 0.84
4  18.9 CH3CH2CH2CH2 S CH2CH2CH2CH3 1.26 1.34

5  21.4
CH2CH2CH2CH2CH2CH3

CH3CH2CHCH3

S
11.50 13.10

6  22.5 CH3CH2CH2CH2 S CH2CH2CH2CH2CH2CH3 41.52 32.38

CH3CH2CH2CH2CHCH3

H2CH
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CH3(C

CH3
7  24.6
8  25.7 CH3CH2C

an be inferred by the catalytic mechanisms of the metal catalysts
o the mercaptans and olefins.

Wiegand et al. [21] studied the reactions of methane-thiol on
o(1 1 0) and they discovered there are two ways of the S H and

 S bond scission under different temperature. Methyl thiolate is
he only intermediate detected on the surface at 100 K and the

 S bond hydrogenolysis of the methyl thiolate intermediate is
t 315 K. Wiegand et al. showed that the reaction mechanism for
ethanethiol on Mo(1 1 0) was proposed in Fig. 6. Therefore, the

 H bond of thiols is activated more easily than the C S bond,
hich is also proved by the results of Kieran et al. [18].

Todorova et al. [28] studied the hydrogenolysis and elimina-
ion reactions of C2H5SH on the catalytical active edge of 2H-MoS2.
heir calculations showed that the decomposition of ethane-thiol
o ethane and ethene are fast reactions, but there is a reverse
eaction pathway for the formation of another ethyl thiolate inter-
ediate from ethane via the following sequence of reactions:

2H4 + H S∗ → C2H5S ∗ .

Based on the results of Wiegand and Todorova, we can speculate
n the adsorbed intermediate of n-butyl mercaptan and 1-hexene

n the sulfided metal. As known to all, the olefin molecules are
dsorbed easily on the sulfided metal catalysts and then � bond is
pened to form olefin intermediates as follow:

+CH3CH2CH2CH2
*

CH3CH2CH2CH2 S CH2(CH2)4CH3 + 4 *
IV

CH3CH2CH2CH2CH2 *4+CH2 SH VI
I
H3CH2CH2CH2CH CH2 + CH3CH2CH2CH2CH CH2

* *
*2

12
CH2CH2CH2CH2CH2CH3S
2.15 18.02

2CH2CH2 S CH2CH2CH2CH2CH2CH3 5.68 30.42

N-butyl mercaptan could have two ways of bond breaking to

form adsorbed H S* and

CH3CH2CH2CH2 S
* intermediates on the

catalysts, according to

IIIII + H
*

S
*

CH3CH2CH2CH2HSCH3CH2CH2CH2 *2+

. 

At a lower temperature (80 ◦C), S-H bond scission is major reac-
tion pathway because of its lower activation energy [19]. In the
meantime, the formation of butyl hexyl sulfides from the neigh-

boring
**

CH3CH2CH2CH2CH CH2

, *

SCH3CH2CH2CH2

and *

H

start to
be desorbed from the catalysts, according to:

4 *H2)3CH CH2

* *

+ CH2CH2CH2CH2 S

*

+H

*

CH3(CH2)3CHCH3

SCH2CH2CH2CH3

+
V12

Due to steric hindrance, the adsorbed

CH3CH2CH2CH2 S
* inter-

mediate has priority to combining with No. 1 carbon of adsorbed
hexyl intermediate to produce anti-Markonikov thioethers. There-
fore, Reaction IV can be considered as a main reaction pathway in
the lower temperature.

Like Todorova’s result [28], the adsorbed H S* (or *S*) interme-
diate formed in Reaction II could produce new mercaptans through
a reverse reaction (Reaction VI and Reaction VII) with adsorbed
olefin intermediate. In the reaction system, there is abundant of
hexene and adsorbed hexyl intermediates formed in the reaction
process. Thus, the formation of new hexyl mercaptans are acceler-
ated by the reaction kinetics principle, according to:

CH2CH2CH2CH CH2
* *

+ + H
*

CH3CH2CH2CH2CH CH3
SH

*4+VII
H S*

12

From these reaction pathways two kinds of structural isomers
of hexyl mercaptans can be obtained. Similar to the formation
process of butyl hexyl sulfides, 1-hexylmercaptan of lower steric
hindrance is also major product in the reaction. Therefore, the hexyl
mercaptans are also considered an intermediate. As temperature

increases gradually, more and more di-hexyl sulfides were formed
in Table 2 and Fig. 3. Because activation energy of C S is higher than
that of S H. The C S was gradually easily cleaved as temperature
rising. It was inferred that more C S bond takes carbon-to-sulfur
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upture reaction to form more and more new hexyl mercaptans
hen temperature increases. New hexyl mercaptans, including

-hexylmercaptan and 2-hexylmercaptan, continue to react with

VIII

CH3CH2CH
CH3CH2CH2CH2CH2CH2 CH2CH2CH2CH2CHS

Fig. 5. MS  spectra of 21.4 min (a), 22.5 min  (b), 24
min)

y the standard di-butyl sulfide.

hexene to form di-hexyl sulfides via the pathways of butyl hexyl
sulfide. Similar to addition mechanism of 1-butanethiol and 1-
hexene, the anti-Markovnikov adduct is obtained as major product.
The reaction scheme can be displayed as follows:

CH2

IX

2CH3 CH3CH2CH2CH2CH CH3

+CH2 CH2 SH CH3CH2CH2CH2CH
12
S CH2CH2CH2CH2CH2CH3

These reaction mechanisms could elucidate the reason for
the structures and distributions of the sulfur compounds in the

.6 min  (c) and 25.7 min  (d) in the product.
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roducts during the different reaction temperature, especially for
he reaction behavior of mercaptans in the higher temperature.

At last, another sulfur compound in the product, di-butyl sul-
de, can be formed by an addition of the two  intermediates

H3CH2CH2CH2 S
* of Reaction II and

CH3CH2CH2CH2

* of Reaction
, according to:

CH3CH2CH2CH2

*

+ CH3CH2CH2CH2 S

*

CH3CH2CH2CH
X

From the above, the proposed reaction network for thioetherifi-
ation of 1-butyl mercaptan and 1-hexene over the sulfided Mo-Ni
atalysts can be described in Fig. 7. The network contains two path-
ays at different reaction temperatures: at low temperature, the
ajor pathway involves a direct addition of 1-butanethiol to the

erminal carbon of double bond of 1-hexene, which may  be caused
y steric effect. This process provides anti-Markovnikov adduct
s a main product. As temperature increases, the C S bond of 1-

utanethiol is subsequently cleaved and the adsorbed SH species

s formed on the catalysts. At the same time, there are abundant
f adsorbed 1-hexene on the catalysts in the system. The adsorbed
H species can recombine with adsorbed 1-hexene to form hexyl
 of 1-butanethiol and 1-hexene.

+S CH2CH2CH2CH3 2*

. 

mercaptans. And then the new mercaptans continue to produce
di-hexyl sulfides with adsorbed hexene. Similar to the production
of butyl hexyl sulfides, the straight-chain of di-hexyl sulfide is a
major product.

4. Conclusions

The thioetherification of 1-butanethiol and 1-hexene in the
blended oil was studied over sulfided Mo-Ni/Al2O3. The experi-
mental results suggest that sulfided catalysts demonstrate good
capability to catalyze thioetherification reaction. Meanwhile, the

C C bond of olefin can be isomerized from the terminal position
to an internal position and can also be hydrogenated to alkane
on the same active site of thioetherification reaction. This can
inhibit thioetherification reaction and decrease the conversion of
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There are two possible routes of thioetherification reaction
hich can be observed at different reaction temperatures. At low

emperatures, the major pathway involves a direct addition of
-butanethiol to the terminal carbon of double bond of 1-hexene,
hich may  be caused by steric effect. This process leads to anti-
arkovnikov adduct as a main product. As reaction temperature

ncreases, the C S bond of 1-butanethiol is subsequently cleaved,
nd then the adsorbed S species is formed on the catalysts. At the
ame time, there are abundant adsorbed 1-hexene on the catalysts
n the system. The adsorbed S H species can combine with other
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