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Temperature-dependent biphasic system of IL-phenol-water was developed.

Tonic liquids (ILs) reuse

Highlights

The system was applied in the hydroxyalkylation of phenol with formaldehyde to bisphenol F.

The catalytic activity was dependent on both the acidity and the alkyl chain length of IL.

[CaMIM][HSO4] gave high yield of 80.5% and selectivity of 96.9% for bisphenol F.

The recovered [CsMIM][HSO,] retained the original activity after six recycling-uses.
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The efficient hydroxyalkylation of phenol with formaldehyde to bisphenol F over a thermoregulated
phase-separable reaction system containing water-soluble Breonsted acidic ionic liquid was studied. The
reaction system containing water-soluble IL showed the thermoregulated biphasic behavior with change

10 of the alkyl chain length of IL, temperature and water amount. Four types of imidazolium-, ammonium-,
phosphonium- and pyridinium-based water-soluble ionic liquids with different anions of dihydrogen
phosphate [H,PO,] ", acetate [CH3;COO] and hydrogen sulfate [HSO,] were used as both Brensted
acidic catalysts and thermoregulated solvents. Among them, [C{MIM][HSO,] gave high yield of 80.5%
and selectivity of 96.9% for bisphenol F, and the optimal reaction conditions were stirring speed 450 rpm,

15 phenol/formaldehyde ratio 6:1, IL catalyst molar concentration 12.5%, reaction temperature 90 °C and
reaction timel h. [CsMIM][HSO,] could be recovered by simple decantation and could retain the original
activity even after six recycling-uses [C,MIM][HSO,4] with the alkyl chain length n=6 was found to be the
most suitable for the synthesis of bisphenol F because of both the forming of thermoregulated
monophasic reaction system at 90 °C to enhance the reaction efficiency and as a thermoregulated phase-

20 transition solvent to facilitate its recovery from reaction system.

Key words: hydroxyalkylation; bisphenol F; thermoregulated phase-separable; acidic ionic liquid

1 Introduction pollution with acidic wastewater, and inconvenient purification
procedure. Some researchers focused on solid acid catalysts that
40 can avoid the corrosion problem and facilitate the separation of

Bisphenol F is an important raw material used for the production catalysts.”'® Although solid acid catalysts are environmentally
25 of bisphenol F epoxy resin which has higher resistance to wear benign, they also have shortcomings of the restricted accessibility

and tear, lower viscosity than bisphenol A epoxy resin,' and also of acid sites and the sudden deactivation by coke formation.® !

used for the production of phenolic and polycarbonate resins.” Also, when formalin is used as the source of formaldehyde, the

These products derived from bisphenol F have gained tremendous 45 active sites of solid acids are easily blocked by polar water

interest in a wide range of application such as adhesive, coating, molecules.'” '* Thereof, it remains an important challenge to
30 liquid-injection molding compound, reinforced plastic and large develop a more environmentally friendly route for the synthesis

wind turbine blade material.? of bisphenol F.

Bisphenol F is generally synthesized from phenol with Tonic liquid (IL), a kind of green catalyst and solvent, has become

formaldehyde through acid-catalyzed hydroxyalkylation reaction.

The conventional catalysts for the synthesis of bisphenol F are School of Chemical Engineering, Xiangtan University, Xiangtan 411105,

3s mainly liquid protonic acids such as oxalic acid, phosphoric acid P.R. China. Tel: +86-18973211676; E-mail: xdwuzm@163.com.

and hydrochloric acid.*® These traditional inorganic acids have . L . o
disadvanta £ ioment rosion.  environmental School of Chemical Engineering, Xiangtan University, Xiangtan 411105,
some  disadvantages Ol equipment COIToSion, environme P.R. China. Tel: +86-13574069061; E-mail: xdlyj@163.com.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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increasingly attractive for a range of organic reactions due to their
tunable physical and chemical properties.'*!” Recently, the
versatility of IL has been further enhanced in a thermoregulated
system where both reagents and a thermoregulated phase-
transition solvent are coupled together.'®?' The reaction performs
actually in a homogeneous system under heated, and upon cooled
to room temperature, a homogeneous reaction system becomes
into a biphasic system that enabling easier IL catalyst recovery
from reaction system. Such a novel process combines the
advantages of both homogenous and heterogeneous catalyses, i.e.,
highly catalytic efficiency and good recyclability.'® The
thermoregulated method will be a viable alternative route to
develop modern chemical industry, especially for the increasing
environmental The Brensted acidic IL can be
efficiently used as catalyst for the hydroxyalkylation of phenol
with carbonyl compounds such as levulinic acid,” acetone® and
tert-butyl alcohol.** However, to our knowledge, research on the
hydroxyalkylation of phenol with formaldehyde catalyzed by IL
in thermoregulated reaction system hasn’t been reported yet.

concerns.

Herein, we adopted a series of water-soluble Bronsted acidic ILs
(Scheme 1) that can form a thermoregulated reaction system with
phenol and formaldehyde for the synthesis of bisphenol F.
Through the research on the thermoregulated phase behaviour of
reaction system and the relationship of structure of IL with
acidity and catalytic activity, both high activity and high
selectivity for bisphenol F were obtained and the recycling-use of
IL catalyst was also realized.

é+ é\s /\/\
&% e ¢ /N
3 HSO; 3 HSO; L T
= HSO;
[BU,4N][HSO,) [BU4P][HSO,] [C4Py][HSO,]
/:\ _ N /N+ HSOj
SNS
/N\/ﬁ/\/\ /N\/ﬁ/\,/\
H,PO;” CH;CO0 R=C,Hay, 02,4, 6,8, 10
[CMIMI[H,PO,] [C,MIM][CH;COO] [C,MIM][HSO,]

Scheme 1. The structures of water-soluble Bronsted ILs used for the
synthesis of bisphenol F

2. Experimental
2.1 Materials

Tetrabutylammonium hydrogen sulfate ([BU,N]J[HSO,], 98%),
tetrabutyl phosphonium hydrogen sulfate ((BU,P][HSO,], 98%),
N-butylpyridinium hydrogen sulphate ([C,Py][HSO4], 98%) were
purchased from Shanghai Cheng Jie Chemical Co. Ltd, Shanghai,
China. 4-Nitroaniline and the standard of bisphenol F (99%) were
purchased from Alfa Aesar. N-methylimidazole and alkyl halides
were from Aladdin Chemicals. All chemicals were used as

+ Electronic Supplementary Information (ESI) available: 'H NMR
spectrum of ILs , absorbance spectra of 4-nitroaniline (NPA) for ILs and
the characterization Bisphenol F See DOI: 10.1039/b000000x/.
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2.2 The synthesis of imidazolium-based ILs with different
length of alkyl chain

The imidazolium-based ILs with different length of alkyl chain (n)
were  synthesized according to  previously reported
procedures.>?® The first step was the synthesis of 1-alkyl-3-
methylimidazolium bromide [C,MIM][Br]: N-Methylimidazole
was dissolved in toluene and the resultant solution was cooled to
0 °C; after the dropwise addition of bromoalkane into the
resultant solution at 0 °C, the reaction mixture was continuously
stirred for 8 h at 0 °C and then was heated to 70 °C keeping for
24 h; after the removal of solvent, washed and dried in vacuo,
[C,MIM][Br] was obtained. The second step comprised an anion
exchange of Br with another one existed in such salts as
NaHSO,, NaH,PO, or CH;COONa-3H,0. As an example, the 1-
hexyl-3-methylimidazolium hydrogen sulfate of [CsMIM][HSO4]
was synthesized through addition of an equimolar amount of
NaHSO, into an anhydrous acetone solution of [C{MIM][Br].
After the reaction mixture being stirred at room temperature for
24 h, [CaMIM][HSO,] was obtained via filtration, ether washing
and drying in vacuum.

The chemical structures of the synthesized imidazolium-based
ILs were determined by 'H NMR spectroscopy using a Bruker
ARX400 spectrometer at room temperature with deuterated water
(D,0) as the solvent. The detailed 'H NMR spectra of the
synthesized imidazolium-based ILs shown in Figs. S1-S7 (see
Supporting Information) was in agreement with the designed
structures.

2.3 The acidity measurement

The Brensted acid scales of the synthesized imidazolium-based
ILs were determined wusing a Cary 5000 UV-vis
spectrophotometer with a basic indicator according to the
previously reported Hammett method.?” *® The Bronsted acidity
was measured by evaluating the extent of protonation of the basic
indicator (termed as “I”) in ILs via the measurable ratio of
[1}/[TH"]. The Hammett function (H,), which presents the relative
acidity of ILs, is defined as follows:

Hy = pK(D)aq + log([1}/[TH]) 1

Where pK(I)aq is the pKa value of the basic indicator in aqueous
solution, and [I] and [IH'] are the molar concentrations of the
unprotonated and protonated forms of the indicator in solution,
respectively. 4-Nitroaniline (5 mg/L, pK(I)aq = 0.99) was chosen
as the basic indicator in water, and the concentration of each IL
was 27 mmol/L. The Hy values of the synthesized imidazolium-
based ILs were determined from the difference in the measured
absorbance after the addition of IL in water. As the acidity of IL
increases, i.e., the decrease in H,, the absorbance of the
unprotonated form of the indicator decreases. The detailed
absorbances of the unprotonated form of the indicator with
different IL in water were shown in Figs. S8 and S9 (see
Supporting Information).

2 | Journal Name, [year], [vol], 00—00
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2.4 The determination of phase behavior of phenol- IL-water
system

Phenol and IL with 6:1 of mole ratio were mixed with different
mole fractions of water to form a serial of phenol-IL-water
systems which were cooled down to 0 °C and then heated
gradually to a serial of given temperatures. During the process,
phase behaviors were visually observed and a serial of critical
miscibility temperatures (T,) at which the phase-transfer took
place from biphase to monophase were recorded reproducibly
within + 0.5 °C.

2.5 The measurement of optical microscopy

A serial of suspensions containing a known mole fraction of IL
catalyst were prepared by dispersing IL catalyst in a blank
solution consisting of phenol and formaldehyde. The mole ratio
of phenol/formaldehyde/IL was 6:1:1. Samples were obtained
from the suspensions both immediately after stopping stirring and
24 h later, and a drop of each sample was placed on a glass slide
to settle. The morphologies of samples were examined at a
magnification level of x1000 under a polarized optical
microscope (POM; Leica DM-LM/P) equipped with a Mettler-
Toledo hot stage (FP82HT).

2.6 The synthesis of bisphenol F

The hydroxyalkylation of phenol with formaldehyde to bisphenol
F was performed in a 100 mL three-necked round-bottom flask
equipped with a condenser under nitrogen atmosphere. Firstly, a
certain amount of phenol and the synthesized IL catalysts were
mixed and stirred at a given reaction temperature for 20 min, and
then 37% aqueous formaldehyde 4.05 g (0.05 mol) was slowly
added into them. After the reaction completed, the reaction
system was cooled to room temperature and washed three times
with water. The upper organic phase was separated from the
lower aqueous phase by decantation, and then immediately
analyzed by gas chromatography. Each sample was obtained
from an individual batch run at a specific reaction time, and each
point represented the average of three replicates.

2.7 The determination of yield and selectivity for bisphenol F

The activities of various IL catalysts under different reaction
conditions were evaluated by the yield and selectivity for
bisphenol F, which are defined as follows:

Actual moles of formed Bisphenol F

Yield (%) = i k x100
Theoretical moles of Bisphenol F based on consumed formaldehyde
@
. Moles of formed Bisphenol F
Selectivity (%) = P x100
2 Moles of all products
3)

The composition of the product was quantified by Gas
chromatography (GC) with the external standard method. The test
solution for GC analysis was prepared by diluting 0.1 g of sample
in 10 mL of ethanol. The GC analysis was conducted using an
Agilent 7890A GC equipped with an HP-5 capillary column (30

50
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m*0.25 mm, 0.25 m film thickness) using the following
temperature program: at initial temperature of 50 °C hold for 3
min; then ramp to 120 °C at 10 °C/min and hold for 5 min; and
then ramp to 270 °C at 15 °C/min and hold for 5 min. The
injector temperature was set at 280 °C. Helium was used as
carrier gas with 1.0 mL/min of flow rate through the column. The
GC-MS analysis of bisphenol F were shown in Fig. S10 (see
Supporting Information).

2.8 The recycling-use of IL catalyst

After the reaction completed, the reaction system was cooled to
room temperature and washed three times with water. The upper
organic phase was separated from the lower aqueous phase by
decantation. Bisphenol F product was obtained by the distillation
of phenol in organic phase under a reduced pressure. The IL
catalyst was recovered by evaporating water in aqueous phase,
then purified by washing with diethyl ether and dried in vacuum
before being reused.

3. Results and discussion

3.1 The thermoregulated phase-transition property of
reaction system

In this work, based on the solubility of IL both in phenol and in

water, the thermoregulated ionic liquid biphasic system for the
synthesis of bisphenol F was firstly chosen to be composed of
water-soluble imidazolium-based IL, water and organic substrates
phenol. The phase diagram for the system of IL-water-phenol is
shown in Fig. 1. The critical miscibility temperature (T,,) means
the temperature at which all the components become completely
miscible in one another phase, which is strongly dependent on the
alkyl chain length of IL.** As shown in Fig. 1a, with an increase
in the hydrophobic alkyl chain length of water-soluble IL, the T,
of the IL-phenol-water system increases significantly. Thereof the
phase behaviour of the thermoregulated phase-separable system
can be exactly customized depending on the required reaction
temperature. In addition, the increasing of water amount would
affect the T,, during the synthesis process of bisphenol F. As
shown in Fig. 1b, the T, of the IL-phenol-water system
obviously increases with the increase of water amount. However,
further increasing of water amount over 97% results in the
decreasing of T,, value, which is probably by the shift of IL-
phenol-water from a biphasic system to a aqueous phase. The
system composed of different composition of IL-phenol-water
may be changed from a biphasic to a monophasic phase with the
increasing of temperature and vice versa.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3
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Fig. 1. The phase diagram of phenol-[C,MIM][HSO4]-water system with
different: (a) alkyl chain length and (b) water amount

As shown in Fig. 2, the [CMMIM][HSO,] as water-soluble IL was
firstly chosen to investigate the thermoregulated phase-transition
property of the reaction system. At room temperature, the
aqueous ionic liquid phase is immiscible with the mixture of
phenol and formaldehyde with 6:1 of molar ratio (Fig. 2a), and
small aqueous droplets exist with a size of approximately 2
microns in diameter (Fig. 2d). When the temperature is elevated
gradually to over 88 °C (the T,, range of reaction system is 81-88
°C), the biphasic system becomes into a clear transparent
homogeneous system where the hydroxyalkylation reaction take
place (Fig. 2b). After reaction completes, the reaction system is
cooled to room temperature and the clear transparent
homogeneous reaction system becomes again into a biphasic
system with the forming of an aqueous phase having a size of
approximately 2.5 microns (Fig. 2c). By simple water extraction,
the IL catalyst can be separated from the organic phase composed
of phenol and bisphenol F, and be reused in subsequent reaction
runs. Here, [CqMIM][HSO,] acts not only as a homogenous
catalyst to enhance the reaction efficiency but also as a
thermoregulated phase-transition solvent to facilitate its
separation from reaction system. This thermoregulated phase-
transition reaction and separation process will provide a simple
and high efficiency environmentally benign way for the synthesis
of bisphenol F.

Fig. 2. The thermoregulated phase-transition process of reaction system

30 3.2 Catalytic activities of various water-soluble ILs for the
synthesis of bisphenol F

Four types of water-soluble ammonium-, phosphonium-,
pyridinium- and imidazolium-based ILs were screened for being
used in the thermoregulated system for the synthesis of bisphenol
35 F, and their catalytic activities were summarized in Fig. 3. The
types of both cations and anions of ILs have a remarkable
influence on their catalytic activities. Among these ILs,
[CeMIM][HSO,] exhibits the best catalytic activity with 80.5% of
yield and 96.9% of selectivity which are higher than those
40 obtained by solid acid catalysts.”"°

100} Yield (%) Selectivity (%) 100
N
\
80 § 80
\ s
S 6ot § 60 >
= A E
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eI IS TR
SF OF & o0 & & OF

Fig. 3 The comparison of various ILs catalytic activities for bisphenol F.

Reaction conditions: stirring speed 450 rpm, phenol/formaldehyde ratio

6:1, IL catalyst molar concentration 12.5%, reaction temperature 90 °C
4s and reaction time 1 h

3.3 The relationship of structure and acidity of IL with
catalytic activity

It is known that the nature of anion influences the catalytic
activity of IL in the hydroxyalkylation of phenol.*** The acidity-

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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activity relationships of ILs with different anions for the synthesis
of bisphenol F were shown in Fig. 4. Here, [C;MIM][HSO,]
gives higher yield of bisphenol F than [C,MIM][H,PO,] and
[C4,MIM][CH;COO], while their Bronsted acidities follow the

s following order: [C,MIM][HSO4] > [C,MIM][H,PO,] >
[C/aMIM][CH3COO]. So it means that the hdroxyalkylation of
phenol to bisphenol F is closely associated with the acidity
strength of IL.

—_ =

g1

i
-

4

0.0

10 Fig. 4. The effect of anion [X] on the acidity and catalytic activity of
[CMIM][X]

The effects of cations in the imidazolium-based ILs on the
activity in the hydroxyalkylation of phenol were studied, and the
acidity-activity relationships of ILs with different alkyl chain
15 length were shown in Fig. 5. Both the catalytic activity and the
acidity of IL increase with the increasing of alkyl chain length
from C, to C¢. However, further increasing in the alkyl chain
length over Cg4 leads to the decreasing of catalytic activity with a
drop of 8% in yield of bisphenol F, although at this time the
2 acidity strength keeps increasing slightly. This is because that
when the alkyl chain length of ILs is over six, its phase-miscible
temperature is higher than the given reaction temperature and
forms a biphasic reaction system (see Fig. 1a) which results the
decreasing of catalytic activity due to mass transfer resistance
25 between organic and aqueous phases. The results demonstrate
that both the acidity and the structure of the ILs play an important
role in the thermoregulated catalytic reaction system for the
synthesis of bisphenol F. Therefore, it can explain the result that
[CeMIM][HSO,4] exhibits the best catalytic activity among the
30 water-soluble ILs listed in Fig 3.

2.0 100
°
1.6 F /-\. 480
e
|
12+ — H60 2
_ - ° 9 o N
T =
2
08 H40 &
—-— H
04 v 420
—8— Yield
0.0 1 1 1 1 O
2 4 6 8 10

n in [C,MIM][HSO,]

Fig. 5. The effect of the alkyl chain length n on the acidity and catalytic
activity of [C,MIM][HSOs]

3.4 The influence of reaction conditions on the catalytic
35 activity

The effect of stirring speed on the hydroxyalkylation activity of
IL catalyst [CaMIM][HSO,] was illustrated in Fig. 6 within 150,
300, 450 and 600 rpm, and the reaction conditions were as
follows: 6:1 of phenol/formaldehyde ratio, 12.5% of catalyst

40 molar concentration, 90 °C of reaction temperature. In the initial
reaction 10 min, the reaction occurs very fast and the yield of
bisphenol F can reach over 50%. After 10 min of reaction time,
the yield of bisphenol F increases to 65%-80% slowly with the
increasing of stirring speed from 150 to 450 rpm. When the

45 stirring speed increases to 600 rpm, no improvement in yield of
bisphenol F is obtained during the whole reaction period. At this
time, the mass transfer resistance in reaction system is eliminated
and the reaction rate is intrinsically-controlled. Thus, the
optimum stirring speed is 450 rpm.

100
80 -
60 |-
5
= 40
2
=
20k —— 150 rpm
—&— 300 rpm
—*—450 rpm
—&— 600 rpm
0k
1 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)

Fig. 6. The effect of stirring speed on the yield of bisphenol F

The effect of reaction time on the hydroxyalkylation activity of
IL catalyst [CsMIM][HSO,] was illustrated in Fig. 7a. Both the
yield and selectivity for bisphenol F increases with the reaction

ss time up to 1 h, but decrease beyond 1 h. This is because that there
are some further reactions of bisphenol F with formaldehyde and
phenol, such as the formation reactions of trimers or higher
oligomers.*® Thus, the optimum reaction time is 1 h.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5
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Fig. 7. The effect of (a) reaction time, (b) reaction temperature, (c) phenol/ formaldehyde ratio and (d) concentration of [C{MIM][HSO,] on the yield and
selectivity for bisphenol F. Reaction conditions: stirring speed, 450 rpm; reaction time, 0.25-3 h; reaction temperature, 40-120 °C; phenol/formaldehyde
ratio, 4:1-12:1; IL catalyst molar concentration, 0-22.5%

The effect of reaction temperature on the hydroxyalkylation
activity of [CsMIM][HSO,4] was illustrated in Fig. 7b. With the
increasing of reaction temperature from 40°C to 90 °C, the yield
of bisphenol F increases significantly from 47% to 80.2% with
over 96% of high selectivity for bisphenol F. But, when reaction
temperature further increases over 90 °C, both the yield and the
selectivity for bisphenol F begin to decline rapidly. This is
because that with the increasing of reaction temperature, more
and more formaldehyde will escape from the reaction system
where the low-boiling azeotropic temperature is 97 °C.>' Thus,

the optimum reaction temperature is 90 °C.

The effect of phenol/formaldehyde ratio on the hydroxyalkylation
activity of IL catalyst [C{MIM][HSO,] was illustrated in Fig. 7c.
Both the yield and the selectivity for bisphenol F significantly
increase from 45.4% to 80.5% and 62% to 94%, respectively,
with the increasing of phenol/formaldehyde ratio from 4:1 to 6:1. 4

=5

3

s

=3

However, when the phenol/formaldehyde ratio is over 6:1, the

concentration of IL catalyst becomes diluted, which limits the
further increasing in its catalytic activity. Thus, the optimum

phenol/formaldehyde ratio is 6:1.

2s The effect of IL catalyst concentration on its hydroxyalkylation
activity of [CqMIM][HSO,] was illustrated in Fig. 7d. The yield
of bisphenol F increases sharply to 80% with the increasing of IL
catalyst concentration up to 12.5 mol%. This is because that the
increased amount of IL catalyst provides more Brensted acid
which facilitates the formation of bisphenol F. However, when IL
catalyst molar concentration is over 12.5 %, a higher Bronsted
acidic environment is formed, which may increase the forming
chance of trimers, thus resulting in the decreasing in both yield
and selectivity for bisphenol F. Thus, the optimum IL catalyst
molar concentration is 12.5 mol%.

As a result of the process described above, optimized reaction
conditions had a stirring speed 450 rpm, phenol/formaldehyde
ratio 6:1, [CqMIM][HSO4] molar concentration 12.5 mol%,
reaction temperature 90 °C and reaction time 1 h. The yield and
selectivity for bisphenol F were 80.5% and 96.9%, respectively.

3.5 The recycling-use of IL catalyst [C{MIM][HSO,]

After the reaction completed, the reaction system was cooled to

This journal is © The Royal Society of Chemistry [year]

[iournal], [year], [vol], 00-00 | 6
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room temperature and two phases were formed, thus enabling
easier recovery of IL catalyst [CaMIM][HSO,] by simple
decantation. After extracting the IL catalyst from reaction system
with water for 3 times at 20 °C, there was only less than 4% of IL
s catalyst loss. Under the optimum reaction conditions, the
recycling-use results of [C¢qMIM][HSO,4] were shown in Fig. 8.
The recovered [CsaMIM][HSO,] IL catalyst can retain the original
activity even after the sixth recycling-use, and both the yield and
selectivity for bisphenol F remain nearly unchanged at 80% and
10 96%, respectively.

100 V72 Yield

XY Selectivity 4100

D oo
=3 (=}
Selectivity (%)

S
(=)

[N
=

<]

Cycle times
Fig. 8. The recycling-use of IL catalyst [CsMIM][HSO4]

3.6 The plausible mechanistic pathway for the synthesis of
bisphenol F

15 The synthesis of bisphenol F involves a number of complex
reactions, and the acid-catalyzed mechanism was presented in the
literature.'™* It is widely accepted that phenol reacts with
aldehydes through the protonation of aldehyde followed by the
electrophilic aromatic substitution of phenol.** Here, a plausible

20 parallel-consecutive reaction mechanism for the synthesis of
bisphenol F using Brensted acidic IL catalyst is presented in

Scheme 2.
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Scheme 2. The plausible mechanistic pathway for the synthesis of
25 bisphenol F
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The protonation reaction of formaldehyde with IL catalyst
occurs to form the hydroxymethyl carbocation CH,OH" (2). Then,
the hydroxymethyl carbocation CH,OH " attacks the carbon atom
of phenol with a larger electron cloud density, resulting in the
electrophilic substitution reaction: the positive charge transfers to
the oxygen atom of the hydroxymethyl to form the hydroxyl
oxygen cation (4) which isn’t stable and is easy to take off a
molecular of water with generating the benzyl methyl carbocation
HO(C¢H,)C" (5). The benzyl methyl carbocation continues to
35 attack another carbon atom of phenol with a larger electron cloud

density, generating the unstable intermediate (6) which at once
takes off the proton, thus the stable bisphenol F product is finally
formed.

w
S

Conclusions

40 The water-soluble imidazolium-, ammonium-, phosphonium- and
pyridinium-based Brensted acidic ILs were used as catalysts for
the synthesis of bisphenol F from phenol with formaldehyde, and
it was found that the imidazolium-based ILs had better catalytic
activity. The results showed the catalytic activity increased with

ss the acidity of ILs, and for the same acidity, the catalytic activity
was affected with the alkyl chain length of ILs. Based on the
further research on the thermoregulated phase behavior of
reaction system containing phenol-[CsMIM][HSO,]-water, it was
revealed that the hydroxyalkylation reaction temperature 90 °C

so was just between the highest miscible temperature 88 °C of
reaction system and the azeotropic point 97 °C of
formaldehyde/water. Thus, the combination of high efficiency
homogenous catalytic reaction and thermoregulated phase-
transition recovery of IL catalyst from reaction system was
ss realized. [CgMIM][HSO,4] gave higher yield of 80.5% and
selectivity of 96.9% for bisphenol F under the optimal reaction

This journal is © The Royal Society of Chemistry [year]
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conditions of stirring speed 450 rpm, phenol/formaldehyde ratio
6:1, of IL catalyst molar concentration 12.5 mol%, reaction
temperature 90 °C and reaction time 1 h. Furthermore, the
recovered IL catalyst [C{MIM][HSO,4] in the thermoregulated
reaction system by simple decantation could retain the original
activity even after six recycling-uses with only 4% of loss.
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