
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
:2

9:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of 2,5-
aDepartment of Applied Chemistry and Bioc

Engineering, Shizuoka University, 3-5-1 Jo

432-8561, Japan. E-mail: watanabe.ryo@sh
bDepartment of Chemical Engineering, Facul

Motooka Nishi-ku, Fukuoka-shi, Fukuoka 81

† Electronic supplementary informa
https://doi.org/10.1039/d3ra01324c

Cite this: RSC Adv., 2023, 13, 14097

Received 27th February 2023
Accepted 17th April 2023

DOI: 10.1039/d3ra01324c

rsc.li/rsc-advances

© 2023 The Author(s). Published by
dimethylhexene by isobutene
dimerization with H2S co-feeding†

Ryo Watanabe, *a Riku Tanikawa,a Arisa Kurosaki,a Kazumasa Oshima, b

Masahiro Kishida,b Priyanka Verma a and Choji Fukuhara*a

This study investigates the effect of hydrogen sulfide (H2S) co-feeding on the synthesis of 2,5-dimethyl-1-

hexene, 2,5-dimethyl-2-hexene, and 2,5-dimethylhexane (2,5-DMHs), useful compounds, using the

dimerization of isobutene under mild pressure conditions. The dimerization of isobutene did not

proceed in the absence of H2S, whereas the desired products of 2,5-DMHs were produced under H2S

co-feeding conditions. The effect of reactor size on the dimerization reaction was then examined, and

the optimal reactor was discussed. To enhance the yield of 2,5-DMHs, we changed the reaction

conditions of the temperature, molar ratio of isobutene to H2S (iso-C4
]/H2S) in the feed gas, and the

total feed pressure. The optimum reaction condition was at 375 °C and 2/1 of iso-C4
]/H2S. The product

of 2,5-DMHs monotonously increased by an increment of total pressure from 1.0 to 3.0 atm with a fixed

iso-C4
]/H2S ratio at 2/1.
1. Introduction

Isobutene is an essential feedstock for methyl-tert-butyl ether
(MTBE), ethyl-tert-butyl ether (ETBE), and isooctane in high-
octane gasoline.1–5 However, the requirement for MTBE and
ETBE would be decreased year by year owing to the signicant
decrease in gasoline demand caused by the widespread use of
hybrid and electric vehicles and the improvement in fuel effi-
ciency of cars. Therefore, a novel approach to utilize the surplus
isobutene is required.

The dimerization of isobutene to produce 2,5-dimethylhex-
ene (2,5-DMH) is an attractive reaction because 2,5-DMH can be
selectively converted into aromatics.6–9 Several research studies
on the dimerization of isobutene with 2,5-DMH have been re-
ported. Behr et al. reported that a heterogeneous nickel complex
catalyst promoted the dimerization of isobutene to produce
linearly linked dimers of 2,5-DMH.10 However, the performance
of the nickel complex catalyst declined during the reaction.
Therefore, improving the stability of the catalyst is an issue for
the continuous production of 2,5-DMH. Taubert et al. developed
a Bi2O3 catalyst for the oxidative dimerization of isobutene in
the presence of oxygen.11 The Bi2O3 catalyst provided a 13%
yield of 2,5-DMH with 53% selectivity. Because the oxidation of
isobutene produced carbon monoxide and carbon dioxide, the
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catalyst demonstrated less selective performance by increasing
the isobutene conversion.

The activation of the terminal carbon atom in isobutene is
necessary to synthesize 2,5-DMH via the dimerization of iso-
butene. Generally, the terminal activation of isobutene is not
expected in conventional carbocation reactions because of the
high stability of tertiary cations.2,11 In contrast, the radical
reactions can activate the terminal carbon in isobutene because
of the high chain reactivity between the radicals and the non-
radical species.12–14 Conventionally, azo compounds and
organic peroxides such as azo-bis isobutyronitrile (AIBN)15–17

and tert-butyl hydroperoxide,18–20 are used as radical initiators.
AIBN decomposes by thermal or photoenergy to produce cya-
noisopropyl radicals, which undergo dimerization, dispropor-
tionation, and chain reactions to produce various products.21–23

Hydrogen sulde (H2S) could also be a potential radical initiator
for alkyl coupling. Vitzthum et al. determined that the pyrolysis
rate of n-butylbenzene accelerated under high-pressure condi-
tions during the pyrolysis of H2S with n-butylbenzene.24 The
apparent activation energy of the pyrolysis of n-butylbenzene
decreased from 66.6 kcal mol−1 (pure n-butylbenzene) to
55.9 kcal mol−1 (n-butylbenzene in a mixture with H2S). Nguyen
et al. reported on the pyrolysis properties of a mixture of n-
octane and H2S. Many types of thiols and heavy hydrocarbons
were formed in the presence of H2S, owing to the progress of the
reaction between the hydrocarbon molecules and the radicals
produced from H2S.25 Zeng et al. investigated the interaction of
sulfanyl radicals (SH*) with aliphatic (C1–C4) hydrocarbons via
calculations using CBS-QB3.26 Regarding hydrogen extraction
by SH* from the C–H bond in hydrocarbons, the hydrogen
extraction from isobutene was remarkably spontaneous (300–
RSC Adv., 2023, 13, 14097–14101 | 14097
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1200 K, DrG° < −20 kJ mol−1) owing to weak allylic hydrogen
bonds. This study implies that the formation of terminal iso-
butene radicals may occur in the presence of H2S-derived SH*.
Based on these results, we estimated that applying a radical
reaction by the coexistence of H2S under high-pressure condi-
tions could promote the formation of terminal radicals derived
from isobutene and contribute to the production of 2,5-DMH.
In petrochemical industries, hydrodesulfurization is performed
to remove sulfur species from sulfur-containing compounds. A
large quantity of hydrogen sulde (H2S) gas is exhausted during
this hydrodesulfurization process. The exhausted H2S is
generally removed using the well-known Claus process (2H2S +
O2 / 2S + 2H2O). However, global sulfur-supply could exceed
demand by about several million tons, suggesting the need for
a new application of H2S.27 If the expected reaction proceeds
with the utilization of H2S, it could lead to new ways of using
H2S.

Therefore, this study focused on the synthesis of 2,5-DMHs
through the dimerization of isobutene via the activation of the
terminal carbon of isobutene in the presence of H2S. The
product yield and selectivity were evaluated by changing the
reaction conditions, such as temperature, feedstock ratio, and
reaction pressure.
Fig. 1 (a) Yield and (b) selectivity of products in isobutene dimerization
with/without H2S (iso-C4

]/H2S= 1/1, iso-C4
]/N2 = 1/1) at 400 °C and

2.5 atm.
2. Experimental
2.1. Reaction apparatus and synthesis conditions

The dimerization of isobutene (iso-C4
]) was performed using

a batch-type reactor composed of a stainless-steel tube (SUS316)
with a total volume of 145 mL. Aer inert gas has been supplied
to the reactor for a sufficient time before dimerization of iso-
C4

], reactants were fed at room temperature by the specied
feed rate until completely lling the reactor by the reaction gas.
Aer that, the needle valve on the reactor outlet side was closed
and the reaction gas was continuously fed until the desired
initial pressure was reached and followed by closing the valve
on the inlet side. The batch reactor lled with the feed gas was
then installed in an electric furnace and the temperature was
increased to start the reaction. Specic reaction conditions were
the following: the reaction temperature was from 350 to 450 °C;
the molar ratio of iso-C4

] to H2S (iso-C4
]/H2S) was from 1/5 to

5/1; and the total feed pressure was from 1.0 atm to 3.0 atm. The
reaction was then performed for 3 h, 6 h and 12 h. The product
gases were diluted with nitrogen and then placed in a polyvinyl
uoride gas bag to analyze the gas composition aer the reac-
tion. Subsequently, the diluted gas was collected using a micro-
syringe and injected into an offline ame ionization detection
(FID) gas chromatograph (GC-2014, Shimadzu Corporation,
Japan). The iso-C4

] conversion and yield of the product (YP)
were calculated using the following equations:

Conversion ¼ ni � nf

ni
� 100 (1)

Yield ¼ N � na

4� ni
� 100 (2)
14098 | RSC Adv., 2023, 13, 14097–14101
where, ni (mol) represents the material amount in the lled iso-
C4

], nf (mol) represents the material amount in the iso-C4
]

remaining aer the experiment, na (mol) represents the amount
of product A with carbon number N.
3. Results and discussion
3.1. Effect of co-feeding of sulfur compound on isobutene
dimerization

Fig. 1(a) and (b) show the yields and selectivity of product ob-
tained in the dimerization of isobutene (iso-C4

]) with and
without H2S co-feeding. The reaction was performed at
a temperature of 400 °C and iso-C4

]/H2S = 1/1, with an initial
total pressure of 2.5 atm. Under dimerization conditions
without H2S co-feeding, 1,1,3-trimethylcyclopentane (1,1,3-
TMCP), 2,2,4-trimethylpentane, and 2,4,4-trimethyl-1-pentene
were produced. In contrast, the desired products of 2,5-
dimethyl hexane, 2,5-dimethyl-2-hexene, and 2,5-dimethyl-1-
hexene, denoted as 2,5-DMHs, were obtained with 4.1% yield
and 27.8% selectivity in the dimerization with H2S; isobutane,
isobutyl mercaptan (iso-C4SH) tert-butyl mercaptan were
generated as byproducts. Nguyen et al. performed out the
pyrolysis of n-octane/H2S mixtures and proposed free-radical
reaction schemes, which were initiated by the decomposition
of H2S into H* and SH* radicals.25 In the present study, the
formed radical species H* and SH* could activate the terminal
carbon of isobutene to promote dimerization, as expected.
Because 1,1,3-TMCP was produced even in the absence of H2S,
we followed the 1,1,3-TMCP formation pathway reported by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Product yield in dimerization of isobutene at 400 °C under the
condition of 1/1 of iso-C4

] (or iso-C4SH)/H2S and 2.5 atm.
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McKinley,28 wherein iso-C4
] was dimerized to 1,1,3,3-tetrame-

thylcyclobutane, which was further isomerized to 1,1,3-TMCP
under mild temperatures.

Fig. 2 shows the effect of reactor size (reactor #1, reactor #2)
on the yield of the products in isobutene dimerization with H2S.
Two types of reactors were used to study the dimerization of iso-
C4

]: reactor #1 has the high-volume and low-surface area (the
ratio of surface area to volume of the reactor: 1.8), and reactor
#2 has the low-volume and high-surface area (the ratio of
surface area to volume of the reactor: 3.7); reactor #2 has
approximately twice ratio of surface area/volume in reactor #1.
As can be seen in Fig. 2, there is little difference in the 2,5-DMHs
of the target product, and the major difference is the amount of
isobutane produced. The isobutane is the result of hydrogena-
tion of the raw material iso-C4

]. The reactor contains iron
component, which progress the following reaction of eqn (3).

Fe + H2S / FeS + H2 (3)

ESI data 1† shows XRD pattern of the iron component peeled
off from the inner wall of the reactor aer dimerization with
H2S. The component of FeSx was found to be conrmed.
Therefore, the reactor with high surface area/volume might
produce high concentration of H2. It was inferred that the
isobutane formation was promoted by the increase in H2

concentration via hydrogenation of iso-C4
]. The result indi-

cated the optimal reactors with small surface area per volume
could reduce the formation of by-product such as isobutane.

The low bond dissociation energy of the R–SH bond of a thiol
could allow the formation of radical species, such as alkyl
radicals R and SH radicals,29 which could activate iso-C4

] to
produce 2,5-DMHs. Iso-C4

] was dimerized with iso-C4SH to
identify the effect of thiols on the production of 2,5-DMHs.
Fig. 2 Effect of reactor size (reactor #1, reactor #2) on the yield of the
products in isobutene dimerization with H2S (iso-C4

]/H2S = 1/1) at
400 °C and 2.5 atm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 3 illustrates the yield of the product obtained from the
reaction of iso-C4

] with the co-feeding of iso-C4SH. The prod-
ucts are similar to those formed by the dimerization of iso-C4

]

with H2S. 2,5-DMHs were also produced, even in the presence of
thiols, although the yield of 2,5-DMHs was lower than that in
the presence of H2S. These results indicate that the SH radical
species generated from iso-C4SH may activate the terminal
carbon of iso-C4

], followed by the production of 2,5-DMHs. The
energies of the C–S bonds in alkyl thiols probably be higher
compared to those of the S–H bonds in H2S. Thus, the genera-
tion of SH radicals by alkyl thiols was expected to lead to a slow
dimerization process. Conversely, the dimerization activity is
higher in dimerization with the co-feeding of H2S, as shown in
Fig. 3. Hydrogen sulde is known to generate SH* radicals
through decomposition of a single molecule and SH radicals
through that of two molecules by reverse radical dispropor-
tionation (H2S + H2S/H3S* + SH*).25,30,31 It was speculated that
the yield of 2,5-DMHs was higher in the dimerization with H2S
because of the more efficient generation of radical species from
H2S via a direct decomposition of H2S and/or a reverse radical
disproportionation than that from iso-C4SH.
3.2. Effect of reaction condition on isobutene dimerization

The reaction conditions were optimized to enhance the yield of
2,5-DMHs. Table 1 shows the effect of the iso-C4

]/H2S ratios
and reaction temperature on the isobutene dimerization. Based
on Table 1, the maximum yield of 2,5-DMHs was ca. 4.6%, ob-
tained at 375 °C and iso-C4

]/H2S = 2/1. The higher and lower
reaction temperatures decreased the yield of 2,5-DMHs. The
yield of 2,5-DMHs was 0.7% at a high temperature of 450 °C
with iso-C4

]/H2S = 2/1; the product yield decreased, except
isobutane and 1,1,3-TMCP, as shown in ESI data 2.† In addition,
a liquid component was observed in the reactor aer the reac-
tion, which signicantly decreased the carbon balance to
approximately 50%. GC-MS spectrum of liquid product was
shown in ESI data 3.† The compound from C5 and C7
compound was mostly included in the liquid product, which
RSC Adv., 2023, 13, 14097–14101 | 14099
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Table 1 Effect of reaction conditions of iso-C4
]/H2S ratio and reac-

tion temperature on (a) the yield and (b) selectivity of the products in
isobutene dimerization

(a) Reaction temperature/°C

i-C4
]/H2S ratio 350 375 400 425 450

5/1 0.95% 4.00% 3.28% 2.11% 1.0%
2/1 1.83% 4.58% 3.32% 2.40% 0.67%
1/1 1.52% 3.29% 4.05% 1.26% 1.16%
1/2 1.83% 0.95% 0.88% 0.51% 0.20%
1/5 0.33% 0.31% 0% 0% 0%

(b) Reaction temperature/°C

i-C4
]/H2S ratio 350 375 400 425 450

5/1 20.6% 43.6% 26.7% 12.6% 6.0%
2/1 24.3% 49.0% 16.7% 11.8% 2.7%
1/1 17.7% 31.5% 27.8% 3.3% 3.5%
1/2 32.0% 3.9% 3.7% 1.1% 0.4%
1/5 5.1% 1.3% 0% 0% 0%

Fig. 4 Product (2,5-dimethyl-2-hexene, 2,5-dimethyl-1-hexene, 2,5-
dimethylhexane, p-xylene) yield with reaction time at 375 °C, 2.5 atm
and iso-C4

]/H2S of 2/1.

Fig. 5 Effect of the total pressure (1.0–3.0 atm) of feed gas on the
product yield under iso-C4

]/H2S of 2/1, and 375 °C.
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was considered to reduce the carbon balance. As for the lower
reaction temperature of 350 °C, the product yield decreased
under the condition of iso-C4

]/H2S= 2/1; the yield of 2,5-DMHs
was 1.8%, as shown in ESI data 4.† Therefore, a moderate
temperature of approximately 375 °C was considered optimum
for the production of 2.5-DMHs. When the molar ratio of iso-
C4

]/H2S was changed, the 2,5-DMH yield depended on the
reaction conditions. Under the condition of iso-C4

]/H2S = 1/5
at 375 °C, the yield of 2,5-DMHs was 0.3%, as shown in ESI
data 5.† The generation of the low yield of 2,5-DMHs is attrib-
uted to the progress in the hydrogenation of iso-C4

] to afford
isobutane. Excess H2S was used as the H2 source. Such progress
of side reaction reduce the effective utilization of iso-C4

] for
dimerization. Furthermore, the 2,5-DMHs yield increased when
iso-C4

]/H2S was increased at 375 °C. Aer reaching the
14100 | RSC Adv., 2023, 13, 14097–14101
maximum yield, the yield of 2,5-DMHs decreased by an excess
feed of iso-C4

]. Hence, the feed ratio of iso-C4
]/H2S = 2/1 at

375 °C was determined to be the optimum reaction condition.
Increasing the feed pressure might produce radical species of
SH* by accelerating the reverse radical disproportionation.

To enhance the yield of desired product (2,5-dimethyl
hexane, 2,5-dimethyl-2-hexene, 2,5-dimethyl-1-hexene, and p-
xylene), we investigated the effect of reaction time and pressure
on the isobutene dimerization. Fig. 4 shows the yield of 2,5-
DMHs and p-xylene with reaction time. It could be seen that the
yield of the desired product increased with reaction time and
reached a steady state at 6 hours of reaction. Fig. 5 illustrates
the effect of the initial total feed pressure on the dimerization
reaction. The reaction condition was as follows: iso-C4

]/H2S
was 2/1, the reaction temperature was 375 °C, and the total
pressure was from 1.0 atm to 3.0 atm. An increase in the initial
total pressure produces higher yield of 2.5-DMHs. No evident
relationship between the initial total pressure and product yield
was observed for other products. The number of SH* radical
species increased when the initial pressure was increased,
forming terminal isobutene radicals, which contributed to the
increase in 2,5-DMHs. It is not possible to determine whether
H2S has catalytic function, based on the obtained results in this
study. In future studies, it needs to be claried whether H2S acts
as a reactant or as a molecular catalyst.
4. Conclusions

Isobutene dimerization was tested in a batch-type reactor under
high-pressure conditions in the presence of H2S. Dimerization
in the absence of H2S did not yield 2,5-DMHs, however, 2,5-
DMHs were obtained in the presence of H2S. Then, the dimer-
ization reaction in the presence of H2S was conducted in two
reactors with different surface area to volume ratios (surface
area/volume). The desired products of 2,5-DMHs were obtained
with higher selectivity in the reactor with the smaller surface
area/volume. This probably be because the H2 produced by the
reaction of H2S with the Fe component in the tube wall largely
reacts with isobutene to form the byproduct isobutane. By using
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the reactor with low surface area/volume, we investigated the
effect of reaction conditions (iso-C4

]/H2S ratio, temperature,
pressure). We found that the yield of 2,5-DMHs was affected by
changing the reaction conditions; in particular, the yield of 2,5-
DMHs was improved by increasing the pressure. Whether H2S
has a catalytic function or not cannot be determined from the
results in this study, though, the decomposition of H2S might
be accelerated at higher pressures, and generated SH radicals
would activate terminal carbon of iso-C4

] to promote
dimerization.
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