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Abstract Magnetic CoFe,O4 nanoparticles supported  Graphical Abstract

basic poly(ionic liquid)s catalysts were successfully syn-

thesized, and the catalysts prepared through the surface Ty
grafting method showed a higher loading amount of ionic “lll o W e éﬁ'
liquids, better stability and excellent paramagnetism than L

that prepared by the conventional co-polymerization

method. The catalytic activities for the transesterification . TN
and for the Knoevenagel condensation were evaluated, and 0
the catalysts showed an excellent catalytic performance as
opposed to the sample prepared using the copolymerization
method. The yields of the objective products in transes-
terification and Knoevenagel condensation were 93 and
97 %, respectively. Moreover, the catalysts could be easily
recovered with the assistance of an external magnetic field
and after being reused four times, they retained about 76.1
and 68.5 % of their catalytic performance, respectively.

110°C 24h

H2C-0COC7H33
H¢-OCOCWH33
H,C-0COC7H33
Magnet
CH;0H

CHOH * C47H33COOH
CH,OH

Keywords Magnetic CoFe,0,4 nanoparticles - Supported
catalysts - Basic poly(ionic liquid)s - Transesterification -
Knoevenagel condensation

1 Introduction

Ionic liquids (ILs) have shown a promising interest in
catalytic fields due to the following properties namely non-
volatility, wide temperature range of liquid state, high
thermal stability, excellent solubility of organic and inor-
ganic materials and tenability of structures [1-3]. However,

B<l Hansheng Li the good solubility of ILs in the reaction system makes the
hanshengli @bit.edu.cn recovery of the homogeneous catalysts difficult and limits
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choice due to their high active sites and excellent recovery
as they combine the advantages of both ILs with homo-
geneous catalysis and polymers with high catalytic activi-
ties [5—7]. Therefore, the PILs catalysts have been widely
used in cycloaddition [8], oxidative carbonylation [9],
hydrogenation reaction [10], Heck arylation [11], and
aldolization [12, 13]. However, the use of the PILs as
homogeneous catalysts leads to the difficulties in separa-
tion and recovery of the catalysts from the reaction mixture
via traditional separation methods such as filtration, free
sedimentation and centrifugation, which greatly restricts
their widespread utilization in industry.

Magnetic nanoparticles (MNPs) work on the basis of
magnetic properties, thus the MNPs can be easily collected
in a magnetic field. This feature of MNPs has been
appreciated by researchers and successfully used to support
catalysts [14-23]. In order to resolve the drawbacks of
difficult separation for ILs as homogeneous catalysts, an
effective approach is to support ILs on MNPs. Moreover,
these supported catalysts can be not only designed and
tuned, but also recycled rapidly in a magnetic field [14—16].
However, the major problem with using MNPs supported
ILs catalysts is low loading catalytic active species onto the
surface of MNPs. Hence, in the catalytic reaction systems,
the catalysts with high active sites are needed under the
same catalysts loading.

Moreover, because the PILs exhibited more activity
sites, MNPs supported PILs catalysts have received more
attention in recent years [17, 18]. At present, there are two
main methods for preparation of supported PILs, as surface
initiated radical copolymerization method and surface
grafting poly (IL)s approach, respectively. Generally,
functionalized poly (IL)s catalysts coated on MNPs were
prepared by using the radical copolymerization of modified
MNPs with ILs monomers and were reported to possess
high activities, recoverability and easy separability [19-
21]. Therefore, MNPs supported poly (IL)s catalysts have
been widely used in catalytic reactions, due to their higher
surface area, better recycling capability and catalytic per-
formance. However, to the best of our knowledge, there are
few works to identify advantages and disadvantages of
catalysts prepared using the two methods, radical copoly-
merization method and surface grafting. In this case, the
catalytic performance of catalysts prepared by radical
copolymerization and surface grafting were systematically
investigated and compared.

In this present work, two methods to prepare the mag-
netic CoFe,0, nanoparticle (MCF) supported basic poly
(IL)s catalysts (PILs/MCFs) were proposed and their cat-
alytic activities for the transesterification and the Kno-
evenagel condensation were compared.
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2 Experimental
2.1 Materials and Methods

CoCl,-6H,0, Fe(NO3);-9H,0O, Triton X-100, n-hexane,
n-hexanol, methylamine solution, tetraethoxysilane
(TEOS), alkyl bromides (Alkyl = n-propyl, n-hexane, or
n-dodecyl), benzaldehyde, ethyl cyanoacetate and glycerol
trioleate (TG) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Beijing, China). 3-Vinyl-triethoxysilane
was purchased from Acros Organics (Geel, Belgium).
1-Vinyl imidazole was purchased from J&K scientific Co.,
Ltd (Beijing China). Acetonitrile, methanol, alcohol, die-
thyl ether, acetone, azodiisobutyronitrile (AIBN), N,N-
dimethylformamide (DMF),dichloromethane and NaOH
were obtained from Beijing Chemical Works (Beijing,
China). AIBN was purified before use.

2.2 Preparation of MCFs and IL

MCFs were achieved by alkali-treating CoFe,04/SiO,,
which was prepared through the sol-gel process mediated
in an inverse micro-emulsion, referring to the previous
works of our group [24, 25].

IL monomers [VRIm][Br] (R = n-propyl, n-hexane,
n-dodecyl) were synthesized by the quarterisation reaction
between 1-vinyl imidazole and alkyl bromide. The typical
process for preparing IL is as follows: 1-vinyl imidazole
and alkyl bromides (Alkyl = n-propyl, n-hexane, or
n-dodecyl) were added into the flask with methanol as
solvent and then reacted at 60 °C for 24 h. After being
washed with diethyl ether and dried at 45 °C successively,
the IL monomers [VPIm][Br], [VHIm][Br] and
[VDolIm][Br] were obtained.

2.3 Preparation of Catalysts

2.3.1 Preparation Using a Co-Polymerization Method (co-
PILs/MCFs)

The co-PILs/MCFs catalysts were prepared through the
copolymerization between vinyl imidazole ILs and vinyl
functionalized MCFs (V-MCFs) as shown in Scheme 1.
Firstly, 1.0 mmol of 3-vinyl-triethoxysilane was added into
the solution containing 1.403 g of MCFs and reacted at
110 °C for 24 h. After being washed with acetone, the
black V-MCFs were obtained. Secondly, 0.02 mol of
[VRIm][Br] and 1.5928 g (containing about 1 mmol of
vinyl) of V-MCFs were added into a hydrothermal reactor
and copolymerized at 60 °C for 24 h, with acetonitrile as
solvent and 1.0 mmol of AIBN as initiator, after being
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Scheme 1 The procedure for preparation of co-p[VRIm][OH]/MCFs

washed with methanol and dried in vacuum oven, thus the
MCFs supported PILs were obtained. According to the
length of alkyl chains (R), the supported poly(IL)s were
denoted as co-p[VRIm][Br]/MCFs (R = propyl, hexyl or
dodecyl).  Finally, co-p[VRIm][Br]/MCFs, dichlor-
omethane, NaOH were added into the flask and reacted for
24 h at room temperature, the MCFs supported basic PILs
were achieved after being dried at 55 °C, denoted as co-
p[VRIm][OH]/MCFs.

2.3.2 Preparation Using the Surface Grafting Method (g-
PILs/MCFs)

The preparation of g-PILs/MCFs catalysts through the
surface grafting method was shown in Scheme 2. Firstly,
0.02 mol of [VRIm][Br] and 1.0 mmol of 3-vinyl-tri-
ethoxysilane were added into the flask with DMF as sol-
vent, and the polymerization were carried out under
nitrogen atmosphere with 1.0 mmol of AIBN as initiator at
60 °C for 24 h, to obtain the triethoxysilane functionalized
poly(IL)s (F-PILs). Then, 1.403 g of MCFs were added and
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Scheme 2 The procedure for preparation of g-p[VRIm][OH]/MCFs
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transferred into a hydrothermal reactor and reacted at
110 °C for 24 h. After being washed with methanol and
dried in vacuum oven at 50 °C, the g-PILs/MCFs were
obtained. According to the length of alkyl chains (R), the
g-PILs/MCFs were denoted as g-p[VRIm][Br]/MCFs
(R = propyl, hexyl or dodecyl). Finally, g-p[VRIm][Br]/
MCEFs, dichloromethane, alcohol and NaOH were added
into the flask and reacted for 24 h at room temperature. The
MCFs supported basic PILs were achieved after drying at
55 °C and was denoted as g-p[ VRIm][OH]/MCFs.

2.4 Catalysts Characterization

Fourier transform infrared spectrometry (FTIR) analysis
was conducted by using Nicolet iS10 Fourier transform
infrared spectrometer (Thermo scientific, America) in a
frequency range of 4000—450 cm™' with a solution of
4 cm™', a scanning number of 16 and KBr as a reference.
Elemental analysis of the solids (C, H, N concentrations)
was obtained using a Vario ELV5.19.6 organic element
analyser (Elemental Analyser system GmbH, Germany).
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Thermo gravimetric and differential thermal analysis (TG/
DTA) was carried out on a TG/DTA 6200 (SII Nano
Technology Inc., Japan), by heating the samples under N,
atmosphere from room temperature to 700 °C at a heating
rate of 10 K/min. X-ray powder diffraction (XRD) analysis
of samples was collected by an Ultima IV X-ray diffrac-
tometer (Rigaku, Japan) with CuKo radiation. Transmis-
sion electron microscopy (TEM) was performed with a
JEM-2100 transmission electron microscope (JEOL, Japan)
to observe the microstructure of the samples. Magnetism
analysis was carried out on a JLDJ 9600 vibrating sample
magnetometer (LD, America).

2.5 Catalytic Performances Evaluation

The catalytic activities were evaluated using the transes-
terification of TG with methanol and the Knoevenagel
condensation of benzaldehyde and ethyl cyanoacetate. The
amounts of the catalysts were 1 wt.% of TG used in the
transesterification and 1 wt.% of benzaldehyde used in the
Knoevenagel reaction, respectively.

2.5.1 Transesterification Reaction

The transesterification reaction process was schematically
depicted in Scheme 3. Firstly, TG was reacted with
methanol to produce glyceryl dioleate (denoted as DG) and
methyl oleate (ME), whereby the intermediate product DG
was further reacted with methanol to further yield glyceryl
monooleate (MG) and ME. In the end, glycerin and ME
were produced by the reaction between MG and methanol.
Therefore, the yields of ME, DG, MG were used to eval-
uate the catalytic performance of catalysts.

A 500 mmol methanol, 1.95 mmol TG, the co-p[VRI-
m][OH]/MCFs or g-p[VRIm][OH]/MCFs catalyst were
added into a 40 mL hydrothermal reactor and were reacted
at 170 °C for 6 h. After the reaction was completed, the
catalyst was separated by the external magnetic field for
recycling. The components were determined by liquid
chromatography (HPLC, Techcomp LC2000) equipped
with an ultraviolet photo-metric detector (y = 210 nm).
A Kromasil 100-5C18 column (4.6 mm x 5
pm x 250 mm) was used for testing and the column
temperature was maintained at 25 °C. The mobile phase

consisted of a mixture of acetonitrile and acetone (1:1 in
volumetric ratio) at a flow rate of 1.0 ml/min. The yield of
ME (Ymg) and the selectivities of products (S;, i = DG,
MG, ME) were calculated according to the equations listed
below.

MME g = M 100 %

= y O 3 .
3 X n160 Yt X nj

Yue

2.5.2 Knoevenagel Condensation

The Knoevenagel condensation between benzaldehyde and
ethyl cyanoacetate is irreversible, as such the catalytic
performance of catalysts could be evaluated by the con-
version of benzaldehyde. A 0.01 mol benzaldehyde,
0.01 mol ethyl cyanoacetate, 2 ml methanol and co-
p[VRIm][OH]/MCFs or g-p[VRIm][OH]/MCFs catalysts
were added into the flask and reacted at 60 °C. After the
completion of the reaction, the samples were analyzed by
liquid chromatography equipped with an ultraviolet photo-
metric detector (y = 254 nm). A Kromat C18 reversed
phase silica gel column was used for testing and the col-
umn temperature was maintained at 25 °C. The mobile
phase consisted of a mixture of methanol and deionized
water (9:1 in volumetric ratio) at a flow rate of 0.3 ml/min.

3 Results and Discussion
3.1 Characterization of Catalysts

The chemical structure of co-p[VDolm][OH]/MCFs and
g2-p[VDoIm][OH]/MCFs were characterized by FT-IR as
shown in Fig. 1. In the FTIR spectrum, the absorption
peaks at 806, 1063 cm ™" are attributed to M—O vibration
(M=Fe or Co) and antisymmetric and symmetric O-Si—O
stretching vibrations, respectively [26]. Furthermore, The
presence of the supported imidazole ILs on the surface of
MCFs was confirmed by some characteristic peaks at 1569,
1648, 2855 and 2925 cm ™', which were attributed to the
C=N and C=C stretching vibration of imidazole ring,
antisymmetric stretching and symmetric stretching of sat-
urated C-H bond, respectively [27, 28]. The result indi-
cated that the PILs were successfully supported on the

C7H53COOCH, HOCH, HOCH, . HOCH,
170°C | 170°C 170°C

C,,H,,COOCH » C,;H;3;COOCH HOCH HOCH
CH,0H ‘ CH,0H | CH,0H

C,,H5,COOCH, C,,H,;COOCH, C,,H,,COOCH, HOCH,

C,;H33,COOCH, C,,H;;COOCH, C,,H,;COOCH,

Scheme 3 The process of transesterification of TG with methanol
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Fig. 1 FTIR spectra of supported PILs a co-p[VDoIm][OH]/MCFs b g-p[VDoIm][OH]/MCFs

surface of MCFs. The morphology and crystal structure of
PILs/MCFs were characterized by TEM and XRD as
shown in Figs. 2 and 3 respectively. It can be seen from
Fig. 2 that the nano-structure MCFs (black particles) with
an average size of 19-21 nm were dispersed in the poly
(ILs) (light gray structure) after the loading process.
Moreover, in co-p[VDolm][OH]/MCFs, MCFs were
aggregated and coated by PILs as shown in Fig. 2a, while
MCFs were well dispersed in g-p[VDolm][OH]/MCFs.
This may be due to the radical copolymerization which
resulted in the cross-linking of the polymer matrix. The
XRD patterns of  co-p[VDoIlm][OH]/MCFs and
g-p[VDoIm][OH]/MCFs were similar to the diffraction
peaks of CoFe,O, (JCPDS PDF#22-1086), which means
that the structure of MCFs was not destroyed during the
loading process and the ion-exchange process.

The PILs/MCFs presented excellent paramagnetism as
listed in Table 1, because of the existence of cobalt ferrite.
The saturation magnetization (Ms) and remnant magneti-
zation (Mr) of g-p[VDoIm][OH]/MCFs are 13.10 and

PILs

0.04 emu/g, and the corresponding data for co-p[VDol-
m][OH]/MCFs are 7.76 and 0.09 emu/g, respectively.
Thus, the high magnetic responsivity and paramagnetism
allowed the catalysts to be separated from the reaction

co-p[VDolm][OH]/MCFs
g-p[VDolm][OH])/MCFs

Intensity / a.u.

10 20 30 40 50 60 70 80
26 (degree)

Fig. 3 XRD patterns of supported poly(ionic liquid)s catalysts

Fig. 2 TEM images of supported poly(ionic liquid)s catalysts. a co-p[VRIm][OH]/MCFs and b g-p[VRIm][OH]/MCFs
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Table 1 Magnetization data of
co-p[VDoIm][OH]/MCFs and

g-p[VDoIm][OH]/MCFs

Samples M; (emu/g) M, (emu/g) Coercivity (G)
co-p[VDoIlm][OH]/MCFs 7.76 0.09 66.20
g-p[VDolm][OH]/MCFs 13.10 0.04 9.37

|4. I

Fig. 4 Magnetic separation of PILs/MCFs

system rapidly under the effect of the magnetic field, as
shown in Fig. 4.

To further determine the loading amount of the cata-
lysts, the elemental analysis (Table 2) and thermo-
gravimetry (TG) analysis (Fig. 5) were carried out. The
results of elemental analysis revealed that there are 2.4674
and 3.4057 % of N element for co-p[VDoIm][OH]/MCFs
and g-p[VDoIm][OH]/MCFs, which is equal to an PILs
loading of 0.8809 and 1.2162 mmol/g respectively.
Therefore, it can be concluded that the PILs were suc-
cessfully bonded onto the surface of MCFs.

The thermal stability of PILs/MCFs was investigated by
TG analysis. The TG curves showed that the degradation
temperatures of co-p[VDoIm][OH]/MCFs and g-p[VDol-
m][OH]/MCFs were about 220 °C. In addition, the weight
loss percentages of co-p[VDoIlm][OH]/MCFs were about
25 %, whereas the weight loss percentages of g-p[VDol-
m][OH]/MCFs were about 35 %. According to the results,
it can be deduced that the loading of g-p[VDoIm][OH]/
MCFs was 1.2480 mmol/g, which is generally higher than
0.8914 mmol/g for co-p[VDoIm][OH]/MCFs. The loading
of PILs obtained from TG analysis was found to be in good
agreement with elemental analysis.

In order to compare the alkalinity of the two types of
catalysts, acid-base titration analysis was employed for the
different types of catalysts with the same quantity [29]. It
was found that the catalyst prepared by surface grafting had
a higher alkalinity than the catalyst prepared by the
copolymerization. The concentration of OH™ of the cata-
lyst obtained by grafting is 0.7433 mmol/g, while the
concentration of OH™ of the catalyst prepared by radical
copolymerization was 0.6481 mmol/g. This may be
because the catalyst obtained by grafting has a higher
loading. The results were in accordance with TG and ele-
mental analysis.

@ Springer

3.2 Catalytic Performance Evaluation

The catalytic performance of co-p[VRIm][OH]/MCFs and
g2-p[VRIm][OH]/MCFs were evaluated by using the cat-
alytic transesterification of TG with methanol and the
Knoevenagel condensation of benzaldehyde with ethyl
cyanoacetate respectively.

3.2.1 Catalytic Performance for Transesterification

Figure 6 displayed the catalytic performances of co-
p[VDoIm][OH]/MCFs and g-p[VDoIm][OH]/MCFs cata-
lysts for transesterification reaction. The better perfor-
mance was observed for g-p[VDoIm][OH]/MCFs catalysts
compared to that for co-p[VDoIm][OH]/MCFs. This may
be resulted from the combined effect of steric hindrance
and active sites. On one hand, the polymerization reaction
for g-p[VDoIm][OH]/MCFs occured earlier than the reac-
tion between silicate ester with hydroxyl groups on the
surface of MCFs during the preparation of catalysts. As
such, the polymers existed on the surface of MCFs and
there was few cross-linking among these polymers, it
seemed like a brush loading on the surface of MCFs as
shown in Fig. 7a. This particular brush-like structure
allowed the reactants to diffuse easily into the polymer to
come in contact with the active sites and enhanced the
catalytic reaction. On the other hand, since there were lots
of unsaturated bonds on the surface of MCFs during the
preparation of co-p[VDoIm][OH]/MCFs, which resulted in
the formation of 3D polymer networks on the surface of the
MCFs. This increased the internal diffusion resistance
during the catalytic reaction process. The deductive results
were in accordance with data of TEM (Fig. 2a). Therefore,
this allows the catalytic reaction to occur only on the sur-
faces of the catalysts (as shown in Fig. 7b). In addition, the
catalysts prepared through the grafted polymerization
method were possessed of larger loading amount and
higher basicity, and provided more active sites on the
surface of MCFs for catalytic reaction. Therefore, less
steric hindrance and more loadings enhanced the dispersity
of the catalysts and the contact area between the reactant
and active sites, so that a yield of 93.0 and 46.6 % of ME
were obtained from g-p[VDoIlm][OH]/MCFs and co-
p[VDoIm][OH]/MCFs catalysts respectively.

Figure 8 showed the effect of alkyl side chain of IL on
the catalytic performance of PILs/MCFs catalysts. As
shown in Fig. 8a, the alkyl side chain had little effect on
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Table 2 Element analysis of

co-p[VDoIm][OH/MCFs and Samples

N element content (wt.%) Loading amount (c/mmol/g)

g-p[VDolm][OH/MCFs co-p[VDolm][OH]/MCFs

g-p[VDoIm][OH]/MCFs

2.4674
3.4057

0.8809
1.2162
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Fig. 5 TG curves of co-p[VDolm][OH]}/MCFs and g-p[VDol-
m][OH]/MCFs
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Fig. 6 The catalytic performances of co-p[VDoIlm][OH]/MCFs and
2-p[VDoIm][OH]/MCFs
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the catalytic performance of the co-p[VRIm][OH]/MCFs
due to its surface structure. However, the catalytic activity
increased rapidly when the alkyl chain increased from Cj
to Cy, for g-p[VRIm][OH]/MCFs as shown in Fig. 8b. It
can be deduced that lauryl group has a better surface
activity than propyl and hexyl, which played the role of a
surfactant and dispersed the catalysts in the solution
effectively, therefore g-p[VDoIm][OH]/MCFs catalysts
presented the highest catalytic activity.

The recycling use of the supported poly(IL)s catalysts
was investigated, as shown in Fig. 9. It can be seen that the
catalytic activities went down in the four cycles for both of
PILs/MCFs catalysts. This might be due to the rupture of
Si—O-Si chemical bond and the loss of PILs on the surface
of MCFs. However, the g-p[VDoIm][OH]/MCFs catalysts
still showed a catalytic performance >76.1 % even after
four recycling, which indicated that the catalysts had
excellent recycle stability.

3.2.2 Catalytic Performance for Knoevenagel
Condensation

Since lauryl group has better surface dispersion in the
catalytic processes than propyl and hexyl, co-p[VDol-
m][OH]/MCFs and g-p[VDoIm][OH]/MCFs can be used to
evaluate the catalytic performance for the Knoevenagel
condensation below.

Figure 10 showed the catalytic performances of PILs/
MCFs catalysts for the Knoevenagel condensation. Due to
the influence of steric hindrance and active sites,
g-p[VDoIm][OH]/MCFs

presented a higher -catalytic

QHOH + C47H33COOH

Fig. 7 Catalytic mechanism of a g-p[VDoIm][OH]/MCFs and b co-p[VDoIm][OH]/MCFs
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Fig. 10 The catalytic performance of co-p[VDoIm][OH]/MCFs and
g-p[VDoIm][OH]/MCFs caltalysts

activity than co-p[VDoIm][OH]/MCFs. The conversion of
benzaldehyde was around 97 % for g-p[VDolm][OH]/
MCFs higher than 72.5 % for co-p[VDolm][OH]/MCFs,
which was consistent with the transesterification reaction.
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Fig. 11 Recycling of g-p[VDoIm][OH]/MCFs catalyst

However, the activities of both two types of catalysts for
Knoevenagel condensation were higher than that for
transesterification reaction. This most probably is because
the molecular size of benzaldehyde is less than the size of
TG, so that benzaldehyde is easier to diffusion into the
catalyst inside. The recycling use of the supported
g-p[VDoIm][OH]/MCFs catalysts were carried out and the
results showed that the catalysts can be recycled four times
and maintain a high catalytic activity of around 68.5 %.
This means that the catalysts have excellent recycling
stability (shown in Fig. 11).

4 Conclusions

MCF grafted basic poly(IL)s catalysts were synthesized
through two different methods and their performances were
evaluated by the transesterification of TG with methanol
and the Knoevenagel condensation of benzaldehyde with
ethyl cyanoacetate, respectively. According to a systematic
comparison, the g-p[VDolm][OH]/MCFs catalysts were
found to have higher loading amount, better stability and
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excellent paramagnetism, and thus higher catalytic effi-
ciency as compared to co-p[VDoIlm][OH]/MCFs. The
significant enhancement of catalytic activity could be
attributed to the cooperativity between active site and steric
hindrance. The yields for g-p[VDolm][OH]/MCFs cat-
alyzing transesterification and Knoevenagel condensation
were 93 and 97 %, respectively, and the catalysts could be
easily recovered with the assistance of an external mag-
netic field. Besides, increasing the length of alkyl side
chain of IL resulted in a positive trend for catalytic per-
formance. However, the catalytic performance of PILs/
MCFs catalysts decreased after being reused four times.
Nonetheless, the catalytic performances of g-PILs/MCFs
were still above 76.1 % for transesterification and 68.5 %
for Knoevenagel condensation respectively after being
used for four times, indicating the excellent recycle sta-
bility of the supported catalysts.
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