
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 1
:4

9:
31

 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
Application of fu
aSchool of Chemistry and Chemical Eng

Technology, Shandong Collegial Engineerin

Catalysis Materials, Shandong University o

E-mail: cyulee@126.com
bYantai Laiyang Central Hospital, No. 11

265200, China
cDepartment of Safety, Chemistry and Bio

Engineering and Science, Western Norway

5063 Bergen, Norway. E-mail: yansong.zhao

† Electronic supplementary informa
https://doi.org/10.1039/d3ra00935a

Cite this: RSC Adv., 2023, 13, 11635

Received 11th February 2023
Accepted 25th March 2023

DOI: 10.1039/d3ra00935a

rsc.li/rsc-advances

© 2023 The Author(s). Published by
nctional metal anionic Lewis acid
ionic liquids in the alkylation of chlorobenzene/
SOCl2†

Jiru Guo,a Yanxia Zheng,a Yuchao Li, *a Zijian Wen,a Xiuxu Shenb

and Yansong Zhao*c

4,4′-Dichlorodiphenyl sulfoxide is the main raw material for the manufacture of polysulfone, polyether

sulfone and other engineering plastics. It is also an intermediate for medicines, dyes and pesticides,

which has been widely utilized in engineering plastics, fine chemicals and other fields. The alkylation of

chlorobenzene with thionyl chloride can give 4,4′-dichlorodiphenyl sulfoxide as a product using Lewis

acidic ionic liquids. In this work, metal-based methylimidazolium ionic liquids were synthesized, which

were found to be efficient catalysts for alkylation reactions. The molar ratio of different metal chlorides

to 1-butyl-3-methyl imidazole chloride and the influence of different metal chlorine additives on the

catalytic Lewis acid center were investigated. The fissionable species of AlCl3 in ionic liquids will enhance

the acidity of ionic liquids and, thus, promote the catalytic performance of ionic liquids. Under the

optimized reaction conditions, the conversion rate of excess chlorobenzene was 45.3% and the

selectivity of 4,4′-dichlorodiphenyl sulfoxide was 31.9%.
1 Introduction

4,4′-Dichlorodiphenyl sulfone is the main raw material for the
manufacture of engineering plastics such as polysulfone and
polyethersulfone.1–3 It is also an intermediate for medicines,
dyes and pesticides, and it has a wide range of applications in
ne chemicals and other elds.4–7 Polymer materials have the
advantages of high specic strength, good toughness, and
fatigue resistance, and most of them are inert and corrosion
resistant. As an important raw material of engineering plastics,
4,4′-dichlorodiphenyl sulfone is crucial in the eld of polymer
materials.8,9

At present, the main processes for the industrial production
of 4,4′-dichlorodiphenyl sulfone are the chlorosulfonic acid
process and sulfuric acid process. However, there are some
problems such as environmental pollution and catalyst corro-
sion in the process of using sulfuric acid as a traditional cata-
lyst.10,11 In the sulfoxide oxidation process, HCl as the main by-
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product is also one of the disadvantages of this process route
over other production methods. The good catalytic effect of
AlCl3 in the Friedel–Cras alkylation process has gradually
made it the main catalyst for the synthesis of 4,4′-dichlor-
odiphenyl sulfone. However, AlCl3 must be separated from the
product by hydrolysis aer the reaction, resulting in a large
amount of acidic wastewater and causing serious environ-
mental problems. Some solid acids such as composite oxide
catalysts have also been recommended as alkylation cata-
lysts.12,13 However, the main disadvantages of solid acid cata-
lysts are the rapid inactivation due to coking and the limited
accessibility of matrix-binding acid sites.14 The acidic sites of
Brønsted acid and Lewis acid in the acidic ionic liquid are more
conducive to inducing alkylation reactions. While it has better
stability, it can also be recycled by membrane separation and
other methods to reduce environmental pollution and improve
economic benets to a certain extent.15–17 Therefore, especially
in the context of sustainable development, the IL has a good
development prospect due to its catalytic property toward
chlorobenzene/thionyl chloride alkylation.

As more efficient and environment-friendly catalysts, various
ionic liquids (ILs) have been developed for their unique prop-
erties such as tunable Lewis and Brønsted acidity, negligible
vapour pressure, good thermal stability and easy recycling to
replace the traditional strong acid.18–23 Chloroaluminate ILs
have been most frequently investigated to obtain excellent
Lewis acidity and to catalyze alkylation reactions.24–26

Chauvin et al. rst reported that isobutane/butene alkylation
could be effectively catalyzed by the ionic liquid 1-butyl-3-methyl
RSC Adv., 2023, 13, 11635–11641 | 11635
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imidazolium chloride–aluminum chloride ([C4mim]Cl–AlCl3) and
acidity, as well as catalytic activity, was strongly inuenced by the
molar fraction of AlCl3.27 Zhang et al. used triethylamine hydro-
chloride–aluminum chloride as a catalyst for the alkylation of
isobutane/butene. Research results indicate that the active mate-
rial in ionic liquids is a trace amount of AlCl3 or Al2Cl6.22 Wang
et al. studied the effect of CuCl-modied composite metal-based
ionic liquids on the catalytic activity of alkylation reactions on
the basis of urea–AlCl3 ionic liquids, and observed the synergistic
effect of Lewis acid and Brønsted acid sites on the alkylation
reaction. Therefore, the synergistic effect of Lewis and Brønsted
acid sites on product selectivity was veried. However, the catalytic
synergistic effect of metal-based ionic liquids on the preparation
of 4,4′-dichlorodiphenyl sulfoxide has hardly been investigated.14

In this work, imidazole/metal chloride-based ionic liquids
were used in the alkylation of chlorobenzene/thionyl chloride. A
series of metal-based ionic liquids were prepared based on
metal chloride salts with different Lewis acids, and their cata-
lytic performance in the alkylation of chlorobenzene/thionyl
chloride was evaluated. The effects of metal chloride salts,
imidazole/AlCl3 molar ratios, and metal salt additions on the
catalytic performance, as well as the synergistic effect of Lewis
and Brønsted acidity, were investigated.

2 Experimental
2.1 Materials

N-Methylimidazole, n-butane chloride, aluminum chloride, zinc
chloride, ferric chloride, ferrous chloride, bismuth chloride
copper, chlorobenzene and thionyl chloride were purchased
from Aladdin Chemistry Co. Ltd. (Beijing, China). All the other
chemical reagents were bought from commercial sources and of
analytical reagent grade unless otherwise noted.

2.2 Preparation of ionic liquids

Synthesis of [Bmim]Cl. First, 0.1 mol N-methyl imidazole
and 0.1 mol N-butane chloride were reuxed in a ask at 120 °C
for 24 h. Aer washing with ethyl acetate and drying at 80 °C to
an unchanged weight, [Bmim]Cl was obtained.

Synthesis of [Bmim]Cl–xAlCl3. First, x mol AlCl3 was added
to 1 mol ionic liquid [Bmim]Cl in batches and then stirred at
80 °C for 4 h to obtain the metal-based ionic liquid [Bmim]Cl–
xAlCl3 (x is the molar ratio of AlCl3 to [Bmim]Cl, x= 1.2, 1.4, 1.6,
1.8, and 2.0).

ILs based on CuCl, FeCl3, ZnCl2 and FeCl2 were prepared
following the same procedure. Themolar ratio of metal chloride
to [Bmim]Cl was 1.6.

Synthesis of composite ionic liquids. A chloride metal salt
was added to the AlCl3-based ionic liquid under nitrogen
protection, and stirred at 100 °C for 6 h to obtain an ionic liquid
containing metal chlorides such as CuCl, FeCl3, ZnCl2, and
FeCl2 (AlCl3 : MCly = 12 : 1).

2.3 Characterization

Thermal properties. The thermal stability of [Bmim]Cl–AlCl3
ILs was determined using a PerkinElmer Diamond TG/DTA
11636 | RSC Adv., 2023, 13, 11635–11641
thermal gravimetric analyzer. The samples were placed in an
aluminum pan in a nitrogen atmosphere at a heating rate of
10 °C min−1 with temperature accuracy better than ±3 °C.
Decomposition temperatures (TDs) were then taken as the
onset of mass loss, dened as the intersection of the baseline
before decomposition and the tangent to the mass loss aer-
ward. Furthermore, glass transition temperatures (TG) of these
[Bmim]Cl–AlCl3 ILs were determined using a differential scan-
ning calorimeter (Netzsch DSC 200F3) at a heating rate of 10 °
C min−1, aer cooling samples to 25 °C under nitrogen ow.

FT-IR. FT-IR spectra of various ILs samples were obtained in
the range of 4000–500 cm−1 using a Thermo Scientic NICOLET
iS20 spectrometer with a KBr wafer.

1H NMR. 1H NMR spectra were recorded using a Bruker
AVANCE III 400 NMR instrument. Chemical shis (d) are given
in ppm and referred as the internal standard to the residual
solvent (CDCl3: 7.26 ppm). The data are listed as follows for
[Bmim][Cl]–AlCl3,

1H NMR (CDCl3-d, d, ppm): d 8.59 (s, 2H),
8.35 (s, 1H), 8.18 (s, 1H), 7.28 (s, 11H), 7.18 (s, 2H), 4.23 (t, J =
7.5 Hz, 5H), 4.04 (d, J = 15.6 Hz, 10H), 3.79 (s, 3H), 1.90 (q, J =
7.5 Hz, 5H), 1.42 (q, J = 7.5 Hz, 5H), 1.25 (s, 3H), 1.21 (s, 2H),
1.00 (t, J = 7.3 Hz, 7H), 0.78–0.73 (m, 5H), 0.44 (s, 4H).
2.4 Chlorobenzene/thionyl chloride alkylation

A thermometer and an exhaust gas absorption device were
installed in a ask. Chlorobenzene and ILs were added to the
ask and heated by stirring. Thionyl chloride was gradually
added, reacted at 65 °C for 2.5 h, cooled and then crystallized.
The crystallization product was put into the ask, 10 mL acetic
acid was added, and 1 g 35% hydrogen peroxide was added for
oxidation within 0.5 h at 80 °C. The reaction was continued for
1 h, cooled to below 5 °C, ltered, washed and dried to obtain
the crude product. Recrystallization with ethanol was used to
purify the product.

The alkylated products were analyzed by HPLC (LC2030C,
Shim-pack VP-ODS 5 mm, 4.6 mm × 25 cm chromatography
column, Shimadzu). Alkylated products were quantitatively
analyzed by an area normalization method based on the peak
area ratio. Chlorobenzene conversion was calculated as the
percentage of chlorobenzene before and aer the reaction. The
selectivity of the product 4,4′-dichlorodiphenyl sulfoxide was
calculated by the ratio of the actual yield to the theoretical yield.
3 Results and discussion
3.1 Characterizations of synthesized ILs

Metal chlorides such as zinc chloride have a certain degree of
acidity themselves, and the presence of metal chlorides in ILs
will inuence the overall acidic properties of ILs.10 At the same
time, the molar ratio of metal chloride to alkyl imidazole will
change the existence of metal species in the ionic liquid.11

Various metal-based ILs were obtained, respectively [Bmim]
Cl–AlCl3, [Bmim]Cl–ZnCl2, [Bmim]Cl–FeCl3, [Bmim]Cl–FeCl2,
[Bmim]Cl–CuCl.

The FT-IR spectra of pure AlCl3, [Bmim][Cl] and [Bmim][Cl]–
AlCl3 are shown in Fig. 1a. It can be seen from that the peaks at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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1650 and 1560 cm−1 may be ascribed to the C–O and C–N
stretching vibrations of the imidazole ring, respectively, while
the peak at 1460 cm−1 is assigned to the C–H bending vibration
of the imidazole ring.28 In addition, it was found that the peaks
at 1652 cm−1, 850 cm−1 and 619 cm−1 shown in Fig. 1a belong
to the infrared stretching vibration peaks of pure AlCl3.
Successful synthesis of [Bmim][Cl]–AlCl3 can be conrmed by
FT-IR analysis results. Similarly, in Fig. 1b, in addition to the
stretching vibration peak with the imidazole ring, it was found
that the infrared peak at 722 cm−1 may be attributed to FeCl3
and other metal salts. Therefore, successful synthesis of [Bmim]
[Cl]–AlCl3–MCly can be conrmed by FT-IR analysis results.

The thermal stability of ILs was studied by TGA. The TGA
curve of ILs is shown in Fig. 1c and d. The IL samples showed
mass loss in the temperature range of 20–190 °C, which was due
to the desorption of water. It can be seen from Fig. 1c that
[Bmim][Cl] begins to decompose at 190 °C and becomes
completely decomposed at 330 °C. As shown in Fig. 1d, the
initial decomposition temperature of ILs increased from 190 to
200 °C aer the addition of AlCl3. Mass loss in the range of 200–
470 °C was due to the decomposition of alkyl chains and
imidazole rings, and the mass loss in the range of 470–490 °C
was due to the sublimation of partial AlCl3.29,30

3.2 Effects of different metal chlorides

The synthesizedmetal-based ionic liquid catalyst was evaluated,
and its catalytic effect on the alkylation reaction of
chlorobenzene/thionyl chloride was tested, as shown in Fig. 2a.
Fig. 1 (a) FT-IR spectra of pure AlCl3, [Bmim][Cl], [Bmim][Cl]–AlCl3. (b) F
and [Bmim][Cl]–CuCl. (c) TG curve of [Bmim][Cl]. (d) TG curve of [Bmim

© 2023 The Author(s). Published by the Royal Society of Chemistry
The alkylation of chlorobenzene catalyzed by metal-based ionic
liquids has a certain effect. However, 4,4′-dichlorodiphenyl
sulfoxide was not observed in the catalytic products of [Bmim]
Cl–FeCl3, [Bmim]Cl–FeCl2, and [Bmim]Cl–CuCl. Ionic liquids
based on AlCl3 and ZnCl2 exhibited good catalysis and excellent
selectivity for the alkylation reaction of chlorobenzene/SOCl2.
This may be due to the acidity of the anionic types of ZnCl2 and
AlCl3 in the ionic liquids in the acidic range suitable for initi-
ating the chlorobenzene/SOCl2 alkylation reaction.14,31 Blank
controls were also performed using FeCl3, FeCl2 and CuCl as
catalysts for the chlorobenzene/SOCl2 alkylation reaction, and
the experimental results are shown in Table S3.† The results
showed that FeCl3, FeCl2 and CuCl did not exhibit good catalytic
performance in the chlorobenzene/SOCl2 alkylation reaction.

Since [Bmim]Cl–AlCl3 has better catalytic performance,
lower cost and lower humidity sensitivity, [Bmim]Cl–AlCl3 was
selected for further research.

3.3 Effect of the AlCl3/[Bmim]Cl molar ratio

The anion species and acidity of [Bmim]Cl–AlCl3-based ionic
liquids are directly related to the ratio of the AlCl3/[Bmim]Cl
substrate, which is crucial for the catalytic progress of chloro-
benzene alkylation. The effect of the AlCl3/[Bmim]Cl molar ratio
on the acidity and alkylation properties of alkylimidazole–AlCl3
was investigated.

Alkylimidazole–xAlCl3-based ILs with different AlCl3
concentrations were used to catalyze the alkylation of chloro-
benzene with thionyl chloride, conversion of chlorobenzene as
T-IR spectra of [Bmim][Cl]–ZnCl2, [Bmim][Cl]–FeCl3, [Bmim][Cl]–FeCl2
][Cl]–1.6AlCl3.

RSC Adv., 2023, 13, 11635–11641 | 11637
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Fig. 2 (a) Effect of different metal bases on the conversion and selectivity of chlorobenzene. (b) Effect of catalysts with different AlCl3 contents
on conversion and selectivity.
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the main component in the alkylation product and 4,4′-dichlo-
robenzene conversion. The selectivity of chlorodiphenyl sulf-
oxide is shown in Fig. 2b.

When the molar ratio of AlCl3/[Bmim]Cl was 1 : 1.2, the
conversion rate of chlorobenzene was 30.5%, and ILs were
generally considered to be neutral at this molar ratio. The
conversion of chlorobenzene increased signicantly with the
increase in AlCl3/[Bmim]Cl molar ratio. When the molar ratio of
AlCl3/[Bmim]Cl was changed from 1.2 : 1 to 2 : 1, the conversion
rate of chlorobenzene uctuated between 30.5% and 46.8%. As
the molar ratio of AlCl3/[Bmim]Cl increases, the selectivity of
product 4,4′-dichlorodiphenyl sulfoxide also changes. For alky-
limidazole–xAlCl3 ILs, changes in AlCl3 molar fractions can
easily disrupt the equilibrium between molecular Al and ionic
Al species.31 As the mole fraction of AlCl3 increases, the degree
of asymmetric cleavage of AlCl3 increases, and molecular
species are converted into ionic species. Meanwhile, with the
increase in AlCl3 molar fraction, acidity of ILs also increases.14

When molar fraction of AlCl3 increased from 1.2 to 1.6, the
selectivity of the target product 4,4′-dichlorodiphenyl sulfoxide
increased. When the molar ratio of AlCl3 increased further, the
selectivity of the target product 4,4′-dichlorodiphenyl sulfoxide
decreased slightly. This result indicates that ILs with a certain
acidity range can signicantly catalyze the isobutane alkylation
reaction. Lower or higher molar ratios of AlCl3/[Bmim]Cl can
lead to side reactions. Regarding the conversion of chloroben-
zene and the selectivity of the target product 4,4′-dichlor-
odiphenyl sulfoxide, the rate of AlCl3 and [Bmim]Cl was 1.6,
which was optimal.
3.4 Inuence of reaction conditions

Strong liquid acid-catalyzed alkylation is a typical fast
exothermic reaction process that occurs at the acid catalyst–
hydrocarbon interface. Using alkylimidazole–AlCl3 as a catalyst,
the effects of reaction temperature, stirring rate, raw material
molar ratio and other parameters on the diffusion of hydro-
carbons in catalysts, conversion of butene, and product selec-
tivity were investigated. Another variable that directly inuences
11638 | RSC Adv., 2023, 13, 11635–11641
4,4′-dichlorodiphenyl sulfoxide product selectivity, namely,
reaction time, was also optimized.

The limited solubility of chlorobenzene and SOCl2 in the
putty liquid and the instability of SOCl2 will result in a reduc-
tion in the quality of the reactants. Therefore, excessive chlo-
robenzene is used to dilute SOCl2 to avoid the decomposition of
SOCl2. The effect of chlorobenzene/SOCl2 feed molar ratios on
the reaction system is shown in Fig. 3a. With the increase in
molar ratio of chlorobenzene/thionyl chloride, the conversion
of chlorobenzene increased to a certain extent, and the selec-
tivity of the product 4,4′-dichlorodiphenyl sulfoxide also
increased. This indicated that increasing the molar ratio of
chlorobenzene/thionyl chloride is benecial to the formation of
4,4′-dichlorodiphenyl sulfoxide and inhibited the occurrence of
side reactions to a certain extent.

The effect of reaction temperature on chlorobenzene/thionyl
chloride alkylation was investigated. As shown in Fig. 3b, the
inuence of temperature on chlorobenzene/SOCl2 alkylation
was studied by changing the temperature from 35 °C to 75 °C. It
was found that with the increase in reaction temperature from
35 °C to 75 °C, the conversion of thionyl chloride increased and
the selectivity of 4,4′-dichlorodiphenyl sulfoxide gradually
decreased. The alkylation reaction of chlorobenzene and thi-
onyl chloride is an exothermic reaction, and a higher temper-
ature is not conducive to the progress of the forward reaction. At
35 °C, the conversion rate of chlorobenzene is 17.3%, but the
selectivity is 34.2%. With the increase in temperature, the
product selectivity basically stays the same, and the conversion
of chlorobenzene did not reach the maximum value. The reason
for this phenomenon may be that mass transfer and reaction
rate are low when the temperature is low, and the conversion
rate increases with the increase in temperature. The conversion
rate reaches a maximum value at 75 °C, where the selectivity is
63.6%. With the further increase in temperature, the selectivity
continued to decrease, indicating that high temperatures would
exacerbate the occurrence of side reactions, resulting in
a decrease in the selectivity of 4,4′-dichlorodiphenyl sulfoxide.

The alkylation reaction of chlorobenzene and thionyl chlo-
ride is not a fast process, and the reaction rate can be controlled
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Effect of the chlorobenzene/thionyl chloride molar ratio on the conversion and selectivity of chlorobenzene. (b) Effect of the reaction
temperature on conversion and selectivity. (c) Effect of the reaction time on conversion and selectivity. (d) Effect of the amount on the
conversion and selectivity of chlorobenzene.
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by mass transfer. With the prolonged reaction time, the occur-
rence of side reactions may be promoted. The effect of reaction
time on the butylimidazole–AlCl3-catalyzed chlorobenzene/
thionyl chloride alkylation reaction was investigated, as
shown in Fig. 3c. When the reaction time was 2.5 h, the
conversion rate of chlorobenzene was 45.3%, and the reaction
was incomplete. When the reaction time was 3.5 h, the
conversion rate of thionyl chloride increased to 66.3%, but the
selectivity of 4,4′-dichlorodiphenyl sulfone did not improve
much from about 32%. The reason is that with the prolongation
of reaction time, other by-products of chlorobenzene are
formed, or alkylation product 4,4′-dichlorodiphenyl sulfoxide
participates in the reaction again. Therefore, the optimal reac-
tion time is 2.5 h.

Chlorobenzene and thionyl chloride have limited solu-
bility in AlCl3-based ILs. Therefore, the alkylation reaction
occurs at the liquid–liquid interface (hydrocarbons are in
liquid state under reaction pressure), and a larger interfacial
area is conducive to the alkane free radical reaction. It can be
seen from the experimental results that the conversion of
chlorobenzene increases with the increase in the amount of
chloroaluminate, but the selectivity of 4,4′-dichlorodiphenyl
sulfoxide remains basically unchanged. The reason is that
excessive use of chlorobenzene makes the surface of ionic
liquid ooded with chlorobenzene, and cannot make chlo-
robenzene and thionyl chloride enter the surface of the ionic
© 2023 The Author(s). Published by the Royal Society of Chemistry
liquid at the same time, which eventually leads to the selec-
tion of 4,4′-dichlorodiphenyl sulfoxide. Selectivity did
not increase signicantly. The effect of the amount of
catalyst dosage on the conversion and selectivity is shown in
Fig. 3d.
3.5 Stability and recyclability

Consumption of Lewis acid may lead to the inactivation of ILs,
which is a challenge for ILS-catalyzed alkylation.32 The optimum
reaction conditions of [Bmim]Cl–1.6AlCl3 (T = 65 °C,
chlorobenzene/thionyl chloride = 5 : 1, t = 150 min). Feedstock
was pre-dried to prevent accumulation of water in the catalyst
system and to avoid the loss of active species. At the end of
reaction, the catalyst was separated from the reaction system,
and HPLC analysis was performed. Catalyst was put back into
the reactor for the next experiment. The results in Fig. 4 show
that under given conditions, [Bmim]Cl–1.6AlCl3 can be reused
three times, and the conversion rate of chlorobenzene and
selectivity of 4,4′-dichlorodiphenyl sulfoxide do not decrease
signicantly.
3.6 Alkylation reactions using composite metal-based ILs

Based on the reaction results, the alkylation reaction path (as
show in Scheme 1) of chlorobenzene with thionyl chloride in
the presence of Lewis acidic ionic liquids was proposed. The
RSC Adv., 2023, 13, 11635–11641 | 11639
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Fig. 4 Recyclability of ILs in chlorobenzene/SOCl2.

Table 1 Effect of catalysts with various composite metal-based ionic
liquids

Catalyst Conversion/% Selectivity/%

[Bmim]Cl–AlCl3–FeCl3 54.1 48.6
[Bmim]Cl–AlCl3–ZnCl2 42.3 42.5
[Bmim]Cl–AlCl3–FeCl2 14.8 9.0
[Bmim]Cl–AlCl3–CuCl 100 4.2
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effect of Lewis acidity on the alkylation reaction catalyzed by
ionic liquids was studied. When chlorobenzene is adsorbed by
ionic liquids, sulfoxide chloride will also be complexed with
the acidic site of an ionic liquid anion. Aer the anions of the
ionic liquid snatch Cl atoms, the resulting S+ acts as a nucle-
ophilic reagent to attack chlorobenzene and undergo nucleo-
philic substitution. Then, Cl from SOCl2 combines with H
from chlorobenzene to form the HCl dissociation reaction.
When HCl is shed, ILs will participate in the next round of
alkylation reactions. HCl produced at the same time can
restore the acidity of ionic liquids to a certain extent and
improve the recyclability of ionic liquids. The specic reaction
principle needs further study.
3.7 Effect of composite metal-based ionic liquids

It has been reported that catalysts used in alkane/butene
alkylation reactions, namely, ionic liquids with metal chlo-
rides added to [Et3N]HCl–xAlCl3, can signicantly improve the
selectivity of target products.21 In this work, FeCl3, ZnCl2, FeCl2
and CuCl were used as metal chloride additives to investigate
the catalytic activity of [Bmim]Cl–1.6AlCl3. FeCl3, ZnCl2, FeCl2
Scheme 1 Probable mechanism of the alkylation process catalyzed by
metal-based Lewis acidic ionic liquids.

11640 | RSC Adv., 2023, 13, 11635–11641
or CuCl were added to [Bmim]Cl–1.6AlCl3 (AlCl3 : MCly = 12 : 1).
The catalytic effect is shown in Table 1.

The results indicated that [Bmim]Cl–1.6AlCl3–FeCl3 had the
best catalytic effect, the conversion rate of chlorobenzene
increased from 45.3% to 54.1%, and the selectivity of 4,4′-
dichlorobenzene sulfone increased from 31.9% to 48.6%.
Similarly, the catalytic effect of [Bmim]Cl–1.6AlCl3–ZnCl2 on the
alkylation of chlorobenzene/SOCl2 was also improved.
Compared with the previous two, [Bmim]Cl–1.6AlCl3–FeCl2 and
[Bmim]Cl–1.6AlCl3–CuCl showed no good catalytic activity and
selectivity for chlorobenzene/SOCl2 alkylation.

In the metal-based ionic liquid [Bmim]Cl–1.6AlCl3, the addi-
tion of FeCl3 and ZnCl2 signicantly improved the conversion of
chlorobenzene and the selectivity of 4,4′-dichlorodiphenyl
sulfone. However, the catalytic effects of FeCl2 and CuCl on ionic
liquids had little change. The difference in the catalytic activity of
different metal matrix ionic liquids was explained by the differ-
ence in the overall Lewis acid strength of the complex metal
matrix ionic liquids resulting from the binding reaction of
different MCly and AlCl3. As shown in Scheme 2, with the
increase of AlCl3 content in ionic liquids, the anion form changes
from [AlCl4]

− to [Al2Cl7]
−. The introduction of bimetal leads to

a greater change in anion morphology. For example, the intro-
duction of FeCl3 creates a new anion [Al2FeCl10]

−, which has
a more dispersed charge density and is more stable and acidic
than the [Bmim]Cl–AlCl3 catalyst.25 The Lambert–Beer law was
used to calculate the acid strength of composite ILs. The results
indicated that the acidity of the composite ionic liquid modied
by FeCl3 was the strongest, and the intensity order is as follows:
FeCl3 > ZnCl2 > FeCl2 > CuCl. In the presence of metal chlorides,
the Lewis acidity of ILs becomes stronger and the catalytic activity
increases due to electronic effects.33 At the same time, the
introduction of bimetals improves the acidity of Brønsted acids
in ILs.32 The synergistic effect of Brønsted and Lewis acid sites is
the key to improve the catalytic performance of low eutectic ionic
liquids. The enhancement of Brønsted and Lewis acids provides
more active acid sites for alkylation, thus improving the catalytic
activity and selectivity of ILs.14
Scheme 2 Anion morphology of complex metal base ionic liquid
[Bmim]Cl–AlCl3–MCly.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

The alkylation of chlorobenzene/sulfoxide chloride was carried
out with a Lewis acidic butyl imidazole–AlCl3 metal ionic liquid
as a catalyst. The presence of AlCl3 makes the ionic liquid have
the adjustable Lewis acidity and ability to catalyze the alkylation
of chlorobenzene/sulfoxide chloride. This may be because AlCl3
forms a new acidic species in the ionic liquid, which makes the
ionic liquid have better catalytic performance for
chlorobenzene/sulfoxide chloride alkylation. A possible reac-
tion mechanism was also proposed. The nal conversion rate of
excess chlorobenzene was 45.3%, and the selectivity of 4,4′-
dichlorodiphenyl sulfoxide was 31.9%.
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