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ABSTRACT: The purpose of this study was to synthesize a magnetic material that could be easily separated by a magnetic field and
combined the catalytic function of an acid/base ionic liquid with silicon for biodiesel preparation. A kind of magnetic catalyst-
immobilized ionic liquid was synthesized by a three-step method. The synthesis conditions in each step were optimized by single-
factor analysis. Under the optimum conditions, 206.83 mg of ionic liquid (>43.63%) was immobilized on SiO, (per gram). Heating
under reflux was applied to extract Schisandra chinensis seed oil with an average yield of 10.9%. According to the biodiesel yields,
Fe;0,@Si0,@[C4mim]HSO, was the most efficient catalyst in the methyl esterification reaction. Under the optimum reaction
conditions, seed oil (10.0 g) was mixed with methanol (70 mL) under continuous mechanical stirring for 3 h, and the yield of
biodiesel was 0.557 g/g (the catalyst efficiency was about 89.2%). Also, the thermal value was increased from 32.14 kJ/g (seed oil) to
38.28 kJ/g (biodiesel). The catalytic efficiency of Fe;0,@Si0,@[C4mim]HSO, was 87.6% of the first being used after four reuse
cycles, and 71.4% of the first being used after six reuse cycles in the methylation reaction. The yields and physical and chemical
properties of biodiesel were determined.

1. INTRODUCTION processing costs. The main components of rapeseed oil,
Due to the deterioration of the environment caused by the soybean oil, jatropha oil, and animal oils such as lard and
massive use of fossil fuels, such as global warming and emission butter are triglycerides, which have high viscosities and flash
of greenhouse gases, identification of suitable alternative fuels points and are not suitable for burning.'” Triglycerides cannot
is necessary. The use of more renewables, including solar,' > meet the work requirements of power equipment,13'14 and they
hydr0,4 tidal,” wind,”” and geothermal,g to meet the energy can be made into biodiesel. Biodiesel is a green energy source
needs of society can reduce the dependence on imported fossil with a high cetane number (63.1)'>'® that is flammable,
fuels. However, the fuels consumed by some large machines renewable, has a low sulfur content, a high flash point (98.2

with high energy requirements, such as airplanes, cannot be o o o\ 17
¢ ’ C), 1 ty (2.26 2 —1), 40 °C dl
replaced by these energy sources, and fuel is still indispensable ), low viscosity ( mm (2) s (1), )" and low

in the near future.””""

Therefore, alternatives are constantly being sought. How-
ever, compared with petro-diesel, biodiesel does not seem to
be feasible as its raw materials are costly. Thus, to minimize the
production cost of biodiesel, low-price raw materials (waste
cooking oil and rapeseed oil, waste animal oils such as lard and
butter) are required to convert it into biodiesel and reduce
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combustion residual carbon.'®"? Biodiesel could effectively
reduce the consumption of petrochemical resources. The
preparation of biodiesel is accomplished by catalytic
esterification.”””' The main catalysts used for preparing
biodiesel by esterification are homogeneous catalysts, such as
inorganic acids and bases, and heterogeneous catalysts,22 for
example, molecular sieve catalysts,23 solid acids,** and solid
bases.”” Homogeneous catalysts, such as alkalies and acids,
cause equipment corrosion and are difficult to separate from
the solvents.”® Furthermore, the presence of high FFA in the
feedstock is undesirable as it could lead to side reactions with
the alkaline catalyst to produce soaps. In addition, the
separation and recovery of the catalyst also become
significantly more difficult, which increases the separation
cost. The small pore sizes of molecular sieve catalysts are not
conducive to the diffusion and adsorption of fatty acids and
triglycerides, and strong acid resins are inactivated at high
reaction temperatures and are expensive.”” With heteropoly
acids, formation of a liquid phase occurs easily in the
reaction,”® which is not conducive for catalyst recycling.
After reaction with a solid base catalyst, it is difficult to
separate the catalyst and the product and the fatty acid in the
oil cannot be effectively converted.””*’

Ionic liquids have low vapor pressures, wide temperature
ranges for liquefaction, wide electrochemical windows,
excellent electrical conductivity, and adjustable acidity and
structures.”' ~>* Therefore, ionic liquids have received consid-
erable attention for use in research and fields®> such as
catalysis, separation science, and electrochemistry.*®*” Many
research studies have proved that ionic liquids can be used for
the synthesis of biodiesel.”*™** They have the following
advantages of inorganic liquid acids and solid acids: good
fluidity, high acid density, uniform acid strength distribution,
high stability, reusability, and adjustable acid strength. These
advantages are beneficial in catalyst research. Most of the
homogeneous catalysts reported in the literature have been
conventional ionic liquids. In the process of biodiesel synthesis,
ionic liquids were difficult to separate,*' so it is necessary to
find a stable catalyst with high activity that is also easy to
separate. Immobilized ionic liquids have the following
advantages: the ionic liquid becomes a solid after immobiliza-
tion** and is easily separated from the product at a low
cost; " an ionic liquid dispersed on the surface of a solid carrier
has a large specific surface area, which reduces the ionic liquid
requirements and cost and improves the economic feasibil-
ity.**® Also, the catalytic activity is good, continuous catalytic
conversion can be realized, and the production capacity is
improved. Recent studies have shown that magnetic separation
is effective.’ ™"

There have been many challenges to environmental
protection in recent years with further industrialization and
urbanization. Among pollution-causing industries, pollution
caused by chemicals is also one of the major environmental
issues that has also received increasing attention from countries
worldwide. Therefore, it is also important for laboratories to
solve the problem of reagent waste and environmental
pollution in practical applications.

The purpose of this study was to synthesize a magnetic
material that could be separated easily by a magnetic field and
combined the catalytic function of an acid—base ionic liquid
with silicon. In this way, not only can bio-oil be converted into
diesel but also the recovery problem of resource can be solved
and the environmental pollution caused by catalyst emissions
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can be avoided. In this experiment, an acidic ionic liquid was
selected to provide an acidic site to catalyze the synthesis of
biodiesel from methanol and seed oil. The catalyst was applied
to prepare biodiesel from Schisandra chinensis seed oil with a

high catalytic efficiency.

2. RESULTS AND DISCUSSION

2.1. Single-Factor Analysis of the Magnetic Immobi-
lized lonic Liquid Preparation. 2.1.1. Effect of the Mixing
Speed. The mixing rotational speed is an extremely important
factor that can affect the particle size and the specific surface
area of the catalyst surface, and the increase of the specific
surface area will indirectly affect the amount of ionic liquid
bonding; however, when the rotational speed reaches a certain
speed, the bonding quantity has little effect. In this experiment,
a stepless speed agitator was used (Table 1). As the rotation

Table 1. Effect of Rotation Speed on Loading Quality

no. speed (rpm) Fe;0, (g) yield of synthesis Fe;0,@SiO, (g)
250 1.5008 1.8005

2 350 1.5020 2.2093

3 450 1.5016 2.2101

speed was increased from 250 to 350 rpm, the product yield
increased by 22.7%. Above 350 rpm, the increase in the
Fe;0,@Si0, yield was minimal (1.21%). According to these
results, a rotation speed of 350 rpm was selected for
subsequent experiments.

2.1.2. Effect of the Volume of TEOS. As the volume of
TEOS increased, the yield of Fe;O,@SiO, also increased
(Figure 1a). The maximum thickness of the silica gel layer was
not reached if the TEOS volume was insufficient. Con-
sequently, the adhesion of the silica gel improved, and the yield
of the product increased with an increase in the volume of
TEOS. When the volume of TEOS exceeded 5.0 mL, the
quantity loaded on the Fe;O,@SiO, hardly increased because
the TEOS was present in excess. When the weight of Fe;0,
was 1.50 g, the optimum volume of TEOS was 5.0 mL.

2.1.3. Effect of VTES. The effects of different amounts of
VTES (Figure 1b) on the yield of modified magnetic SiO,
particles were investigated. When the amount of VTES was
increased from 5.0 to 10.0 mmol, the yield of Fe;O,@SiO,@
VTES particles increased significantly. Further increases in the
VTES amount did not result in increases in the yield of
Fe;0,@Si0O,@VTES particles. Therefore, 10.0 mmol VTES
was selected as the optimum amount.

2.1.4. Effect of the Dosages of lonic Liquid. The ionic
liquid used in this experiment was 1-butyl-3-methyl-imidazole
([C4mim]OH), which has a molecular weight of 156.23.
When the weight of the ionic liquid was increased from 0.50 to
1.50 g, the quantity loaded on the ionic liquid increased greatly
(Figure 1c), but no significant differences were observed in the
synthesized magnetic particles when the weight of the ionic
liquid was increased from 1.50 to 3.00 g. The limited pore
space inside the silica gel restricts the mass of the ionic liquid
that can be immobilized. Initially, the ionic liquid cannot
occupy the entire binding site, and the amount of the ionic
liquid immobilized is less than the mass of VTES. The mass of
[C4mim]OH (1.50 g) was a little less than 10 mmol.
Therefore, the optimum amount of the ionic liquid for the
synthesis of the immobilized ionic liquid catalyst was 10 mmol.

https://dx.doi.org/10.1021/acsomega.1c00504
ACS Omega 2021, 6, 7896—7909
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if the amount of ionic liquid was higher, the catalytic
2r performance of the catalyst was stronger.
2.1.6. Loading Quantities with Different Types of lonic
B 22r Liquids. In this experiment, multiple ionic liquids with different
(72
9 anions and cations were used. Fe;O,@SiO,@VTES particles
= - . . . . . .
gu (3.00 g) were mixed with 10 mmol of an jonic liquid (Table
3 3). Bach experiment was repeated three times to obtain the
220+
or\
L
" Table 3. Loading Capacity of Different Types of Ionic
Liquids
18 L 4 4 - L - weight weight
2 3 4 5 6 7 weight before after loading
TEOS (mL) acidityor of IL  loading  loading  ratio of
no. ionic liquid  alkalinity (2) (g) (g) ILs (%)
325}
1 [C4mim] acidic 2.36 3.0009 3.5785 24.47
b l HSO,
s 2 [C4mim] acidic 3.10 3.0003 3.7161 23.09
2320
@ CH,-
s CeH,-
g HSO,
3315 3 [C4mim] acidic 201 3.0005  3.6940 3450
S NO
o 3
& 08 4 [C4mim] alkaline 1.56 3.0003 3.6259 40.10
3.10 OH
S [C4mim]Ac  alkaline 1.98 3.0006 3.7258 36.63
) ) ) ) 6 [C2mim]Br  neutral 191 3.0002 3.5802 30.37
5 10 15 20 7 [C3mim]Br  neutral 2.02 3.0003 3.5210 25.78
VTES (mmol) 8 [C4mim]Br  neutral 2.19 3.0007 3.7108 3242
365 |- . 9 [Cémim]Br  neutral 2.47 3.0008 3.6455 26.10
by i 10 [C8mim]Br  neutral 2.75 3.0004 3.5648 20.52
e : 11 [ClOmim]  neutral  3.03  3.0007 38453  27.87
T 3551 Br
°}
é 350 |
3 1asl average. Both the cation and the anion influence the chemical
® h . . . . 35
o polarity. However, the effect of anions is more significant.
3 340 .
) Hence, when the anion was the same (Br), the average
38 percentage of [C4mim]Br (short chain in the cation) loaded
330 | on the magnetic particles was higher in the aqueous phase
325 (32.42%) than those of other ionic liquids with different
05 0 15 20 25 30 cations. When the cation was the same ([C4mim]*), the
ILs (g) average percentage of [C4mim]OH (stronger hydrophilicity)

Figure 1. Single-factor analysis of Fe;0,@SiO,@[C4mim]OH
preparation. (a) Effect of TEOS volume on the quantity loaded on
Fe;0,@Si0,. (b) Effect of the amount of VTES on the quantity
loaded on Fe;0,@Si0,@VTES. (c) Effect of IL dose on the quantity
loaded on Fe;0,@Si0,@[C4mim]OH.

2.1.5. lonic Liquid Loading Capacity on the Magnetic
Carrier. The average weight of [C4mim]OH loaded on the
magnetic particles was calculated to be 206.83 + 12.13 mg/g
(Table 2). During the synthesis of the catalyst, about 1.50 g of
the ionic liquid [C4mim]OH was added. At least 43.63% of
the ionic liquid monomer was fixed in the VTES-modified
magnetic SiO, particles (Table 2). These results indicated that

Table 2. Loading Capacity of [C4mim]OH

addition of

[C4mim]OH  weight before ~ weight after  loading of

no. (g) loading (g) loading (g) ILs (mg/g)
1 1.50 3.0003 3.6259 207.63
2 1.50 3.0013 3.5854 194.70
3 1.50 3.0007 3.6552 218.16
average 206.83
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loaded on the magnetic particles was higher (40.10%) than
those of other ionic liquids with different anions.

2.2. Characterization of the Magnetic Immobilized
lonic Liquid Catalyst. 2.2.1. SEM with EDX. Figure 2 shows
the SEM results and the energy of elements for particles from
the three synthetic steps for the production of the magnetic
immobilized ionic liquid catalyst. The Fe;O,@SiO, image
(Figure 2a) showed that the particles were smooth spheres
with nonuniform sizes. Also, the EDX analysis of Fe;O,@SiO,
(Figure 2d) showed the Fe, Si, and O elements. The Fe;0,@
SiO,@VTES particles (Figure 2b) were smaller and more
uniform than the Fe,O,@SiO, particles. Also, the EDX
analysis of Fe;O,@Si0, after being modified by VTES (Figure
2e) also showed the Fe, Si, and O elements. The Fe,O,@
$i0,@[C4mim]HSO, particles (Figure 2c) were more uni-
form and slightly larger than those before IL modification.
Also, the EDX analysis of Fe;O,@SiO,, after being modified by
IL (Figure 2f), showed the Fe, Si, and O elements, and the C
content was increased significantly. The average diameter of an
individual microsphere was calculated to be approximately 0.24
um. Aggregates were also observed because of adhesion
between the magnetic microspheres.

2.2.2. FT-IR Analysis. In Figure 3, the Fe;O,@SiO, spectra
showed a characteristic peak for Fe—O at 560 cm™" and Si—O

https://dx.doi.org/10.1021/acsomega.1c00504
ACS Omega 2021, 6, 7896—7909
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Figure 2. SEM images of Fe;0,@SiO, (a), Fe;0,@Si0,@VTES (b), and Fe;0,@Si0,@[C4mim]HSO, (c), and mapping analysis of Fe;O0,@
Si0, (d), Fe;0,@SiO,@VTES (e), and Fe;0,@Si0,@[C4mim]HSO, (f).

at 1080 cm™’, which proved the existence of Fe;O, In the
infrared spectra of [C4mim]Br, a characteristic peak for C=N
is observed at 1651 cm™, that for the butyl group is observed
at 1360 cm™, and the vibration and stretching peaks of the
imidazole ring skeleton are observed at 1557 and 1162 cm™,
respectively. In addition, most of the absorption peaks at 500—
1000 cm™ are caused by the flexural vibration of C—H in
plane of the ionic liquid. In the infrared spectra of Fe;O0,@
Si0,@[C4mim]Br, peaks were observed for bending vibra-
tions of the imidazole ring at 1680 cm™" and for the butyl
group at 1360 cm™!, which showed that the ionic liquid was
successfully immobilized on the magnetic SiO, particles. Peaks
at 1581 and 3161 cm™ for the bending and stretching
vibrations of OH, respectively, could have been caused by the
OH groups on the surface of SiO,. An absorption peak near
1068 cm™" was attributed to Si—O—Si.

7899

2.2.3. Thermogravimetry-Derivative Thermogravimetry
(TG-DTG). TG-DTG curves of Fe;0,@SiO, and Fe;O,@
Si0,@ [C4mim]Br were obtained (Figure 4a). When the
temperature was increased from room temperature to 600 °C,
the mass losses of the two materials were less than 10.0%
(4.11% for Fe;0,@Si0,, 5.27% for Fe;0,@Si0,@VTES, and
8.67% for Fe;0,@Si0,@[C4mim]Br). The mass loss is less
than 1.5% before heating to 100 °C. There is a significant mass
loss peak of Fe;O,@Si0,@[C4mim]Br at 350—400 °C, which
indicated the mass loss of the ionic liquid. The TG-DTG curve
of Fe;0,@Si0,@[C4mim]Br showed three stages of mass
loss. The first stage was between 100 and 200 °C, which was
caused by the evaporation of solvents with low boiling points.
The mass loss for the second stage occurred between 200 and
400 °C, presumably because of the decomposition of a small
amount of ionic liquid that was not immobilized on Fe;O,@
SiO,. The third stage occurred between 400 and 600 °C,

https://dx.doi.org/10.1021/acsomega.1c00504
ACS Omega 2021, 6, 7896—7909
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2.2.4. XRD Analysis. The XRD patterns of Fe;O,@SiO, and 0 100 200 300 400 500 600
Fe;0,@Si0,@[C4mim]Br (Figure S5a) showed that the Temperature (°C)
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liquids are shown in Figure Sb,c.

2.2.5. Brunauer—Emmett—Teller (BET) Analysis. The
synthesized Fe;O,@Si0,@VTES and magnetic immobilized
ionic liquid materials were subjected to pore structure analysis
and characterization (Table 4). The specific surface area of the
Fe;0,@SiO,@VTES particles (51.796 m?/g) was twofold that
of the Fe;0,@Si0O, particles (23.5897 m*/g) (Table 4).
However, after immobilization of the ionic liquid to prepare
Fe;0,@Si0,@IL, the specific surface area decreased ob-
viously, which could be attributed to an increase in the particle
size. For the materials prepared from different ionic liquids, the
specific surface areas of Fe;0,@SiO,@[C4mim]Br (10.8417
m?*/g) and Fe;0,@Si0,@[C4mim]Ac (10.4181 m’/g) were
larger than those of Fe;0,@Si0,@[C4mim]HSO, (10.1231
m*/g) and Fe;0,@Si0,@[C4mim]OH (9.1289 m*/g).
Fe;0,@Si0,@[C4mim]NO; had the lowest specific surface
area (4.7786 m’/g). Although some channels of the catalyst
are blocked by ionic liquids, the catalytic sites are increased
and the adsorption of biodiesel is reduced.

The pore size distributions (Figure 6) showed that Fe;0,@
SiO, had concentrated peaks at 3—5, 11, and 40 nm, indicating
that the particles contained pores of multiple sizes. After
modification with VTES to prepare Fe;O,@SiO,@VTES
particles, the pore size increased and peaks were observed at
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Temperature (°C)

Figure 4. TG and DTG curves of Fe;O,@SiO,, Fe;0,@SiO,@VTES,
and Fe;0,@8Si0,@[C4mim]IL, (a) TG and DTG curves of Fe;0,@
Si0,, Fe;0,@Si0,@VTES, and Fe;0,@Si0,@[C4mim]Br, (b) TG
and DTG curves of Fe;0,@Si0,@[C4mim]Br, Fe;0,@
Si0,@[C4mim]OH, Fe;0,@Si0,@[C4mim]HSO,, Fe;0,@
Si0,@[C4mim]NO;, and Fe;0,@Si0,@[C4mim]Ac, and (c) TG
and DTG curves of Fe;0,@Si0,@[C4mim]Br, Fe304@
Si0,@[C6mim]Br Fe;0,@Si0,@[C8mim]Br, and Fe;0,@
SiO,@[C10mim]Br.

3-S5, 25, and 40 nm (Figure 6a). These results show that the
modified magnetic SiO, particles have more binding sites for
the ionic liquid than the nonmodified particles, which greatly
enhance the adsorption quantity. When the ionic liquid
[C4mim]Br was immobilized, the number of pores (below
20 nm) is not changed, while the number of pores (greater
than 30 nm) is decreased. This could be caused by excessive
ionic liquid filling in the larger pores. The pore size
distributions of the Fe;O0,@SiO,@IL particles prepared with
different ionic liquids are shown in Figure 6b,c.

2.3. Single-Factor Analysis of Catalysts and Biodiesel
Preparation. 2.3.1. Screening of Different Magnetic
Immobilized lonic Liquid Catalysts. Suitable catalytic
conditions (i.e., reaction time of 3 h and volume ratio of
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Figure S. XRD analysis of Fe;0,@Si0,, Fe;0,@Si0,@VTES, and
Fe;0,@5i0,@[C4mim]IL. (a) XRD analysis of Fe;0,@SiO,,
Fe;0,@Si0,@VTES, and Fe;0,@Si0,@[C4mim]Br, (b) XRD
analysis of Fe;0,@Si0,@[C4mim]Br, Fe;0,@Si0,@[C4mim]OH,
Fe;0,@Si0,@[C4mim]HSO,, Fe;0,@Si0,@[C4mim]NO;, and
Fe;0,@Si0,@[C4mim]Ac, and (c) XRD analysis of Fe;0,@
Si0,@[C4mim]Br, Fe;0,@Si0,@[C6mim]Br, Fe;0,@
Si0,@[C8mim]Br, and Fe;0,@SiO,@[C10mim]Br.
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Figure 6. Pore size distributions of Fe;0,@Si0,, Fe,;O0,@SiO,@
VTES, and Fe;0,@Si0,@[C4mim]IL. (a) Pore size distributions of
Fe;0,@Si0,, Fe;0,@Si0,@VTES, and Fe;0,@Si0,@[C4mim]Br.
(b) Pore size distributions of Fe;0,@SiO,@[C4mim]Br, Fe;0,@
Si0,@[C4mim]OH, Fe;0,@Si0,@[C4mim]HSO,, Fe;0,@
Si0,@[C4mim]NO,, and Fe;0,@Si0,@[C4mim]Ac. (c) Pore size
distributions of Fe;0,@Si0,@[C4mim]Br, Fe;0,@Si0,@[ C6mim]-
Br, Fe;0,@Si0,@[C8mim]Br, and Fe;0,@Si0,@[C10mim]Br.

Table 4. Pore Size of Synthetic Ionic Liquids Immobilized in a Magnetic Catalyst

specific surface area of BET (m?/g)

pore volume (cm®/g) average pore size (nm)

no. name

1 Fe,0,@5i0, (250 rpm) 9.2260
2 Fe,0,@Si0, (350 rpm) 23.5897
3 Fe,0,@Si0,@VTES 51.7960
4 Fe;0,@S5i0,@[ C4mim]HSO, 10.1231
s Fe,0,@Si0,@[C4mim]NO, 47786
6 Fe,0,@Si0,@[ C4mim]OH 9.1289
7 Fe;0,@Si0,@[ C4mim]Ac 10.4181
8 Fe,0,@Si0,@[ C4mim]Br 10.8417
9 Fe;0,@5i0,@[ C6mim]Br 16.2261
10 Fe;0,@5i0,@[ C8mim]Br 19.9035
11 Fe,0,@Si0,@[ C10mim]Br 22.3239
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0.0234
0.0424
0.015S
0.0169
0.0090
0.0153
0.0179
0.0203
0.0262
0.0351
0.0498

3.9684
3.2740
6.7038
6.6855
7.5459
6.7256
6.8632
6.5074
6.4516
7.0634
8.4169
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Table S. Biodiesel Synthesis with Different Types of Catalysts

\000\10\(11-!;(»[\)»—5

—
o

type
inorganic acid
gel-ion exchange resin
ionic liquid
immobilized ionic liquid
immobilized ionic liquid
immobilized ionic liquid
inorganic base
immobilized ionic liquid
immobilized ionic liquid

immobilized ionic liquid

catalysts
H,S0,
001*%7
[C4mim]HSO,
Fe;0,@Si0,@[ C4mim]HSO,
Fe;0,@Si0,@[ C4mim]CH,SO,
Fe;0,@Si0,@[ C4mim]NO,
NaOH
Fe;0,@Si0,@[C4mim]OH
Fe,0,@Si0,@[C4mim]Ac
Fe,0,@Si0,@[ C4mim]Br

acidity/alkalinity
acidic
acidic
acidic
acidic
acidic
acidic
alkaline
alkaline
alkaline

neutral

biodiesel yield (g/10.00 g)

5.21
4.19
5.50
5.57
5.36
5.50
4.35
5.15
5.03
0.15

7:1) from the initial experiments were used with 1.50 g of the
catalyst for methyl esterification under reflux. Different
immobilized ionic liquid catalysts were investigated, and the
biodiesel yields were evaluated to select the optimum catalyst
(Table S). 001%*7 gel-ion exchange resin and ionic liquid-
[C4mim]HSO, were used as catalysts for comparison. Among
the catalysts, Fe;0,@Si0,@[C4mim]HSO, had the best
catalytic effect and gave a biodiesel yield of 5.57/10.00 g
(biodiesel/seed oil), a little higher than catalysis by [C4mim]-
NO; (5.50/10.00 g). The catalytic efficiency of the acidic
immobilized ionic liquid catalyst was better than that of the
alkaline catalyst because saponification and side reactions
occurred with the alkaline catalyst, which reduced the biodiesel
yield. By contrast, immobilized ionic liquids without acid—base
sites did not catalyze the esterification reaction.

2.3.2. Single-Factor Analysis of Biodiesel Preparation.
Single-factor analysis of the esterification reaction was carried
out for the biodiesel preparation to investigate the reaction
time, volume ratio of methanol to seed oil, and the weight of
the catalyst. The biodiesel was prepared by catalytic synthesis
with Fe;0,@Si0,@[C4mim]HSO,.

To investigate the reaction time, the mixture was heated to
reflux for 1, 2, 3, 4, or 5 h. The synthetic biodiesel greatly
increased when the reaction time was increased from 1 to 3 h
and then only slightly increased with further increase above 3 h
(Figure 7a). These results indicate that the reaction is close to
completion at 3 h. The small increase in the yield obtained
when increasing the reaction time beyond 3 h would not be
worth the increase in energy requirements. Therefore, 3 h was
selected as the optimum reaction time for biodiesel
preparation.

To investigate the effect of the volume ratio of methanol to
seed oil, we used the procedure described above with 10.0 g of
seed oil, a reaction time of 3 h, 1.50 g of the catalyst, and
volume ratios of 5:1, 6:1, 7:1, 8:1, and 9:1. For volume ratios
above 7:1, the yield of biodiesel was almost constant, which
indicated that methanol volume seven times that of seed oil
was sufficient for the reaction (Figure 7b). Considering the
cost of methanol recovery in industrial production, a methanol
to seed oil volume ratio of 7:1 was selected as the optimum
ratio.

To investigate the effect of the dosage of the catalyst, we
used a reaction time of 3 h and a methanol to seed oil volume
ratio of 7:1. The yield of biodiesel greatly increased when the
mass of the catalyst was increased from 0.50 to 1.50 g; when
the mass of the catalyst was more than 1.50 g, the yield of
biodiesel increased slightly, and 1.50 g of the magnetic
immobilized ionic liquid catalyst was selected as the optimum
dosage (Figure 7c).
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Figure 7. Single-factor analysis for biodiesel preparation. (a) Effect of
the reaction time on the biodiesel yield. (b) Effect of the methanol
volume on the biodiesel yield. (c) Effect of the catalyst dosage on the
biodiesel yield.

The above experiments were repeated three times, and the
results were averaged.

2.3.3. Determination of S. chinensis Seed Oil and
Biodiesel Chemical Indicators. The acid value, iodine value,
saponification value, and peroxide value of the seed oil and
biodiesel were determined under the optimum catalytic
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Table 6. Chemical Indexes of Seed Oil and Biodiesel

acid value iodine value saponification value peroxide value
no name catalysts acid/alkaline (mg KOH/g) (mg K1/g) (mg KOH/g) (mg/100 g)
1 seed oil 11.5 107.8 108.8 0.25
2 biodiesel H,SO, acid 5.6 66.4 78.4 0.63
3 biodiesel 001%7 acid 5.6 482 58.1 1.52
4 biodiesel [C4mim]HSO, acid 6.4 68.7 86.6 1.52
S biodiesel Fe;0,@Si0,@[C4mim] acid 54 66.5 78.5 0.63
HSO,
6  biodiesel Fe;0,@Si0,@[C4mim] acid S4 52.0 70.7 0.36
NO,
7  biodiesel Fe;0,@Si0,@[C4mim] alkaline 3.5 70.1 89.6 0.38
OH
8  biodiesel Fe;0,@Si0,@[C4mim] alkaline 4.6 70.4 89.7 0.75
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materials. (d) Catalytic efficiency after recycling of the magnetic immobilized ionic liquid materials. (e) Preparation of the magnetic immobilized
ionic liquid materials. (f) Application of the magnetic immobilized ionic liquid materials. Photograph courtesy of ‘Yinhang Wang’. Copyright 2021,

and the image is free domain.

conditions (Table 6). The experimental results showed that
the acid value, iodine value, and saponification value of
biodiesel were lower than those of seed oil, whereas the
peroxide value was much higher than that of seed oil. These
results showed that the catalytic reaction was complete and
that the quantities of fatty acids and free acids decreased with
the conversion from seed oil to biodiesel. At the same time, the
decrease in the iodine value showed that the degree of
unsaturation decreased. The results also indicated that the
product had a higher esterification efficiency than the starting
material. The acid value of biodiesel with the acidic catalyst

7903

[C4mim]HSO, is the highest. Also, the acid value of biodiesel
with the basic catalyst is lower. [C4mim]Ac is a weak base
ionic liquid, and Ac™ in the ionic liquid is different from Ac™ in
NaAc. As NaAc is a weak acid, strong base salt, the ionization
of NaAc is greater than the hydrolysis of Ac”™. However, in
ionic liquid, the cation is an imidazole ring with an alkyl chain;
the ionization of [C4mim]Ac is negligible. Thus, the hydrolysis
of Ac” is the main resource of OH™. Also, the hydrolysis of
Ac” is a reversible reaction. If the acid of seed oil is less, the
alkalinity of [C4mim]Ac is even weaker. The alkalinity of
[C4mim]OH is much stronger than the alkalinity of
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[C4mim]Ac. Therefore, the acid value of the biodiesel with the
alkaline catalyst Fe;O,@SiO,@[C4mim]Ac is a little higher
than that with the alkaline catalyst Fe;O,@SiO,@[C4mim]-
OH.

2.4. Recycling of the Magnetic Immobilized lonic
Liquid Catalyst. After each experiment, the magnetic
immobilized ionic liquid catalyst was recovered and reused.
The solid phase was separated from the reaction mixture by a
magnetic field, washed repeatedly with ethanol and deionized
water ultrasonically, and then vacuum dried at room
temperature. After four cycles of recovery and reuse, the
catalytic efficiency of Fe;0,@Si0,@[C4mim]HSO, was
87.6% of the initial catalytic activity; after six cycles of recovery
and reuse, the catalytic efficiency of Fe;0,@Si0,@[C4mim]-
HSO, was 71.4% of the initial catalytic activity (Figure 8). The
biodiesel yield might have decreased because of traces of
glycerol that interact with the anion of IL through possible
hydrogen bonding, or the acid sites covered on the support
surface, which fell off easily from the surface, which causes a
decrease in its efficiency for catalytic transesterification.

2.5. Thermal Gravimetric Analysis of S. chinensis Seed
Oil and Biodiesel. TG-DTG curves were obtained for S.
chinensis seed oil and biodiesel (Figure 9). Under nitrogen
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Figure 9. TG and DTG curves of seed oil and biodiesel.

protection, the temperature was increased at 10 °C/min, and
scanning was performed at 50—600 °C to measure the mass
loss of each sample and examine its thermal stability. A gradual
mass loss of the seed oil was observed from 100 to 450 °C.
There were two obvious stages of the seed oil mass loss (100—
300, 300—450 °C). The first stage was between 100 and 300
°C, which was caused by fatty acids with low molecular weights
and combustion points. The mass loss for the second stage
occurred between 300 and 450 °C, presumably because of the
decomposition of the long chains in seed oil. The results
indicated that the seed oil contained impurities, had a wide
combustion temperature range, and an unstable ignition point.
There was one obvious stage of the biodiesel mass loss for fatty
acid esters (300—450 °C). The results indicated that the
biodiesel was more heat stable than seed oil, it had a more
uniform composition, and contained fewer impurities.
Biodiesel was much more suitable for use as an engine fuel
than seed oil.

2.6. FT-IR Analysis of S. chinensis Seed Oil and
Biodiesel. FT-IR results for the biodiesels prepared from §.
chinensis seed oil with different catalysts are shown in Figure
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10. In the spectra of both seed oil and biodiesel, a strong
absorption peak was observed at 1460—1050 cm™!, and peaks
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Figure 10. FT-IR analysis of seed oil and biodiesel.

for alkyl CH were observed at 2926 and 2855 cm ™. Peaks that
could be attributed to the breaking of ester bonds in biodiesel
and seed oil were present at 1710—1550 cm™' for the
carboxylic acid C=O0 bond and 3600 cm™" for the carboxyl.
These peaks were produced by free carboxylic acid and other
impurities. Characteristic peaks for the methoxy were observed
at 850 and 1017 cm™. These results indicated that the samples
contained fatty acid methyl esters.

2.7. Composition of S. chinensis Seed Oil and
Biodiesel. GC-MS is a quick and easy method for determining
the chemical composition. It can be used to quantitatively
determine if fatty acid methyl esters are the main components
of biodiesel. In this study, GC-MS was used to analyze the
chemical compositions of biodiesels prepared from S. chinensis
seed oil with different catalysts. The seed oil was composed of
28.33% C16 fatty acid, 67.77% C18 fatty acid, and 78.45%
unsaturated fatty acid. Table 7 shows the compositions of
biodiesels prepared with different acid—base catalysts. Among
the components of biodiesel produced by Fe;O,@SiO,@
[C4mim]HSO,, methyl linoleate (C18:2, 48.69%) had the
highest proportion among these ingredients, followed by
methyl oleate (C18:1, 9.50%) and alkalinity methyl palmitate
(C16:0, 7.31%). Quantitative analysis can be used to
determine whether the esterification reaction with an acidic
ionic liquid catalyst is more complete than the one with a basic
catalyst. The GC-MS spectra and composition data of seed oil
and biodiesel are shown in the Supporting Information Figures
S1, S2, and Tables S1, S2.

2.8. Calorific Value of S. chinensis Seed Oil and
Biodiesel. The heat of combustion of the biodiesel was
measured by oxygen bomb calorimetry XRY-1A using the
ASTM D240 method,”' and each sample was run three times
and averaged. The standard deviation between measurements
was never more than 0.15 and the coefficient of variance was
not greater than 0.5%, indicating a high degree of precision in
our experimental technique. The gross (H.) and net (H,)
heats of combustion for seed oil and biodiesel are shown in
Table 8. The highest net heat of S. chinensis seed oil was only
32.14 kJ/g, and the biodiesel catalyzed by Fe;0,@
Si0,@[C4mim]HSO, was 38.28 kJ/g, while the biodiesel
catalyzed by other Fe;O0,@SiO,@ILs had the highest net heat
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Table 7. Chemical Analysis of Biodiesel

alkalinity methyl palmitate

no. catalysts acid/alkaline C16:0 (%

1  Fe;0,@Si0,@ acidity 7.31
[C4mim]HSO,

2 Fe;0,@810,@ acidity 6.32
[C4mim]NO,

3 Fe;0,@Si0,@ alkaline 4.03
[C4mim]Ac

4 Fe;0,@Si0,@ alkaline 6.17
[C4mim]OH

methyl stearate

methyl oleate methyl linoleate methyl linolenic acid

C18:0 (%) C18:1 (%) C18:2 (%) C18:3 (%)
147 9.50 48.69 0.56
123 9.64 38.02 0.77
1.34 1.44 24.30 0.61
1.14 8.75 26.99 0.61

Table 8. Experimental Gross (H,) and Net (H,) Heat of
Combustion Data of Seed Oil and Biodiesel

sample catalyst H.(KJ/g) H, (K/g)
seed oil 32.14 30.62
biodiesel Fe;0,@5i0,@[C4mim]HSO, 38.28 36.58
biodiesel Fe;0,@Si0,@[ C4mim]NO, 37.66 35.40
biodiesel Fe;0,@Si0,@[C4mim]OH 37.22 35.18
biodiesel Fe;0,@Si0,@[ C4mim]Ac 36.13 33.51

were 37.66 kJ/g for Fe;0,@Si0,@[C4mim]NO;, 37.22 kJ/g
for Fe;0,@Si0,@[C4mim]OH, and 36.13 kJ/g for Fe;0,@
SiO,@[C4mim]Ac. The calorific value is an important
parameter in the selection of a fuel. The calorific value of
biodiesel is usually lower than that of diesel due to its higher
oxygen content.”” Although the heating value of S. chinensis
biodiesel was lower than diesel of the national standard (about
42.00 kJ/g), the increase was still quite significant from the
heating value of S. chinensis seed oil. Also, in future studies, the
novel magnetic catalyst immobilized with other types of ionic
liquids would be developed for the catalytic synthesis of
biodiesel.

2.9. Catalytic Mechanisms with Fe;0,@
Si0,@[C4mim]HSO,. Figure 11 shows the proposed catalytic
mechanism of Fe;O,@Si0,@[C4mim]HSO, with methanol.
Ionic liquid [C4min]HSO, was applied as a catalyst for the
catalytic esterification reaction of fatty acid from seed oil. The

proposed esterification mechanism is shown in Figure 11b.
Also, the reaction process can be divided into two main
processes: protonation and dehydration.

First, H" produced by the hydrolysis of HSO,~ anion binds
to carbon-based atoms in the carboxylic acid molecules,
making the carbon atom of the carboxyl group more
electrophilic, which is beneficial to the attack of oxygen atom
in the alcohol hydroxyl group to form a new carbon—oxygen
bond. In addition, H" attached to the hydroxyl oxygen from
the intermediate to form an onium salt, as shown in Figure
1la. A positively polarized—OH hydrogen atom from an
alcoholic molecule is attracted to a lone pair of electrons on a
negatively polarized oxygen atom of a carbonyl molecule.
Second, any one of the hydroxyl is protonated and released a
molecule of water, and then the carboxylic acid ester was
formed, while a proton is lost from the other hydroxyl as
shown in Figure 11c. A similar reaction mechanism of biodiesel
synthesis has been reported for different catalysts by various
researchers.””

3. CONCLUSIONS

A magnetic immobilized ionic liquid catalyst was synthesized
by immobilizing an ionic liquid on modified magnetic SiO,
particles. SEM showed that the magnetic immobilized ionic
liquid catalyst particles were spherical, with an average particle
diameter of about 240 nm. FT-IR analysis showed that the
magnetic immobilized ionic liquids had characteristic absorp-
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Figure 11. Catalytic mechanisms with Fe;0,@Si0,@[C4mim]HSO,. (a) Catalytic mechanisms with the interaction of proton with the carbonyl.
(b) Overview of the whole reaction mechanism of Fe304@SiO2@[C4mim]HSO4-catalyzed esterification of seed oil. (c) Catalytic mechanisms

with deprotonation of an oxonium ion.
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Table 9. Experimental Ionic Liquids

Molecular State (room
Name Molecular formula Purity Structural formula
weight temperature)
R . N — N
1-ethyl-3-methylimidazolium bromide [C2mim]Br 191.07 liquid 99% N \_/
Br
—N
1-propyl-3-methylimidazolium bromide [C3mim]Br 202.1 liquid 99% AT AN
Br
e N
1-butyl-3-methylimidazolium bromide [C4mim]Br 219.20 liquid 99% N\/ NP
Br
—N B AN
1-hexyl-3-methylimidazolium bromide [C6mim]Br 247.18 liquid 99% \F
\/_fj?
Br
—N B N
; A i : : : Laui 0 \F
1-octyl-3-methylimidazolium bromide [C8mim]Br 275.23 liquid 99% Wé\
R - +
N \/ N\/\/
1-butyl-3-methylimidazolium acetate [C4mim]Ac 198.26 liquid 99% o
oA,
—N B N
1-butyl-3-methylimidazolium hydrogen sulfate [C4mim]HSO4 236.29 solid 97% AN\
HSO;
—N B N
1-butyl-3-methylimidazolium nitrate [C4mim]NO; 201.22 liquid 99% NN
NO;
VAN
[C4mim]CHa-CeH,- A N N
1-butyl-3-methyl imidazole p-toluenesulfonate 310.41 solid 99%

HSO;

tion peaks for Fe;O, and imidazole rings. XRD results showed
that the process of immobilizing the ionic liquids did not
damage the crystal structure of magnetic silica. The optimum
synthesis conditions were a stirring speed of 350 rpm and a
TEOS volume of 5.0 mL in the first step, a VTES amount of
10.0 mmol and a reaction time of 12 h in the second step, and
an ionic liquid amount of 10.0 mmol. The average loading of
Fe;0,@Si0,@[C4mim]OH was 206.83 + 12.13 mg/g, and
more than 43.63% of the ionic liquid was successfully
supported on the magnetic SiO, particles. Catalysts with
different ionic liquids were prepared under the optimum
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conditions. The catalytic efficiency was 87.6% after four
repeated recovery and reuse experiments, indicating that the
catalyst has stable catalytic performance and good recyclability.

The optimum conditions for the preparation of biodiesel
from S. chinensis seed oil were a methylation reaction time of 3
h, a volume ratio of methanol to seed oil (v/v) of 7:1, and 1.50
g of catalyst. The catalytic efficiency of Fe;0,@SiO,@
[C4mim]HSO, was relatively high, and the yield of biodiesel
was 5.57/10.00 g. The chemical indexes of seed oil and
biodiesel were determined. The catalytic effect of the acidic
catalyst was better than that of the alkaline catalyst, which
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would result in saponification. TG analysis showed that the
pyrolysis temperature of biodiesel was lower than that of seed
oil. Because of its uniform composition and good combustion
performance (the highest net heat of the biodiesel catalyzed by
Fe;0,@Si0,@[C4mim]HSO, was 38.28 kJ/g), biodiesel is
more suitable as a fuel. Furthermore, the catalytic mechanisms
with Fe;0,@Si0,@[C4mim]HSO, were interpreted.

4. MATERIAL AND METHODS

4.1. Materials and Reagents. 4.1.1. Materials. The fruit
of S. chinensis (Turcz.) Baill were purchased from the Sankeshu
Medicinal Materials Market (Harbin, China) and were air-
dried at room temperature in a shady and ventilated place. The
fruit were harvested in the Northeast Xing’anling area of China
in September 2017.

4.1.2. Chemical Reagents. All ionic liquids used in this
work (Table 9) were purchased from the Cheng Jie Chemical
Co., Ltd. (Shanghai, China). High-performance liquid
chromatography (HPLC)-grade methanol and acetic acid
were purchased from J&K Chemical, Ltd. (Beijing, China).
Deionized water for use in the experimental work was obtained
using a Milli-Q water purification system (Millipore, Billerica,
MA). Petroleum ether, absolute ethanol, and trichloromethane
were purchased from the Fu Yu Chemical Co., Ltd. (Tianjin,
China). The other solvents and chemicals used in this study
were of analytical grade and were purchased from the Beijing
Chemical Reagents Co. (Beijing, China). All solutions used for
HPLC were prefiltered through 0.45-ym membranes (Guangfu
Chemical Reagents Co., Tianjin, China) before use.

4.2. Methods. 4.2.1. Preparation of the Magnetic
Immobilized lonic Liquid Catalyst. First, 1.50 g of Fe;O,
particles were mixed with absolute ethanol (400 mL) under
sonication (Kunshan Ultrasonic Instruments Co., Ltd.) for 10
min until the particles were distributed uniformly in the
solvent. Water (60 mL), aqueous ammonia (30 mL; the mass
fraction of ammonia in the aqueous solution is 25%), and a
certain volume of tetraethyl orthosilicate (TEOS) were added
sequentially to the mixture and the reaction was allowed to
proceed for 5 h at 25 °C under continuous mechanical stirring,
The product was separated and collected with a magnet,
followed by washing sequentially with ethanol and water three
times with each solvent. The obtained product was dried in a
vacuum oven at 25 °C for 24 h.

Next, the Fe;0,@Si0, particles (3.00 g) were mixed with a
certain amount of vinyltriethoxysilane (VTES). An excess of
triethylamine (about 40 mL) was added to the mixture as a
reflux solvent and catalyst. The reaction was heated to reflux
and stirred under reflux for 12 h. The obtained product
(Fe;0,@Si0,@VTES) was repeatedly washed with methanol
to remove impurities and then dried in a vacuum oven at 40 °C
for 24 h.

Finally, the Fe;0,@SiO,@VTES particles (3.00 g) were
mixed with 0.04 g of the fat-soluble initiator Azobisisobutyr-
onitrile (AIBN) and different kinds of ionic liquids. Chloro-
form (35 mL) was added to the mixture, and the reaction was
allowed to proceed for 1 h at 25 °C under continuous
mechanical stirring. The mixture was then heated to 75 °C to
remove chloroform, followed by heating to 100 °C for 2 h to
obtain the magnetic immobilized ionic liquid (Fe;0,@SiO,@
IL). This product was washed repeatedly with ethanol and
water. The solid phase was separated under an external
magnetic field and then dried in a vacuum oven at 40 °C for 24

h.
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4.2.2. Characterization of the Magnetic Immobilized
lonic Liquid Catalyst. Scanning electron microscopy (SEM)
analysis images with energy-dispersive X-ray spectroscopy
(EDX) were recorded on an XL30 electron microscope
(Philips, The Netherlands) operated at 10.0 kV. A thin gold
film was sprayed on each sample before analysis. XRD patterns
were recorded on a D/MAX2200 X-ray diffractometer
(Limited company Co. Aichi Shibuya, Japan) using Cu Ka
radiation. Nitrogen sorption isotherms were measured at 77 K
with a Micrometrics Tristar 3000 analyzer. Before analysis, the
samples were degassed under vacuum at 200 °C for more than
5 h. The Brunauer—Emmett—Teller method was utilized to
calculate the specific surface areas. The Barrett—Joyner—
Halenda model was used to derive the pore volumes and pore
size distributions from the desorption branches of the
isotherms. The total pore volumes were estimated from the
quantities adsorbed at a relative pressure (P/P,) of 0.992.

4.2.3. Preparation of S. chinensis Seed Qil. S. chinensis fruit
(10.00 g) was added to a round-bottom flask charged with a
certain volume of petroleum ether, and heated under reflux for
2.5 h. The organic phase was separated by a filter and then
evaporated under vacuum until a light-yellow viscous liquid
remained. The petroleum ether was completely volatilized at
60 °C for 4 h. The resulting S. chinensis seed oil was weighed
for the preparation of biodiesel.

4.2.4. Preparation of Biodiesel. About 10.00 g of S.
chinensis seed oil was accurately weighed into a three-neck
flask. Anhydrous methanol was added to the flask with a
volume ratio of methanol to seed oil (5:1, 6:1, 7:1, 8:1, and 9:1
v/v). Then, the magnetic immobilized ionic liquid catalyst was
added. The mixture was then heated under reflux for a certain
time. After the esterification reaction was complete, the cooled
solution was separated by stratification and the solid catalyst
was separated under an external magnetic field. After the
esterification, the stratified liquid was moved to the separatory
funnel, collecting the upper layer of biodiesel, and the excess
methanol was recovered by depressurization concentration,
and then cooled and weighed the biodiesel. Yields were
calculated using the following equation''

yleld (%) = mbiodiesel/mseed oil X 100%
4.2.5. TG-DTG Analysis of Seed Oil and Biodiesel. A QS0-

type thermogravimetric analyzer (TA Instruments, New Castle
DE, State of Delaware) was used to test the thermal mass loss
of the sample. Under nitrogen protection, the temperature was
increased at 10 °C/min between 50 and 600 °C to measure the
mass loss of the sample and examine its thermal stability.

4.2.6. FT-IR Analysis of Seed Oil and Biodiesel. The
samples were prepared by tableting with KBr and analyzed
using an IS10-type Fourier transform infrared (FT-IR)
spectrophotometer (Nicolet, MA) in the wavelength range
400—4000 cm ™"

4.2.7. GC-MS Analysis of Biodiesel. The main components
of the biodiesel, such as fatty acid methyl esters, were
quantitatively determined by GC-MS (Agilent Technologies,
Palo Alto, CA) with a capillary column (30 m X 0.25 mm, film
thickness 0.25 pm) and a mass selective detector (Agilent
6890N-5973) operated in the electron ionization mode. The
sample (1 pL) was injected manually in the splitless mode. The
injector temperature was 250 °C and the detector temperature
was 260 °C. The carrier gas was helium at a flow rate of 1 mL/
min. The oven temperature was increased from 20 to 80 °C at
5 °C/min, held at 80 °C for 1.0 min, and increased from 80 to
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250 °C at a rate of S °C/min. The MS was operated at 70 eV
with a scan range of 10—1000 amu. The chemical
compositions of the biodiesels were determined by direct
comparison of their mass spectra with those in the NIST11
Mass Spectral Library.

4.2.8. Calorific Value Analysis of Seed Qil and Biodiesel.
The calorific value was tested by the Digital Display Oxygen
Bomb Calorimeter (XRY-1A) purchased from Shanghai
Henggin Instrument Equipment Co., Ltd. (Shanghai, China).
A known amount of fuel was placed in the crucible. The
crucible was then placed over a ring, and a fine magnesium
wire touching the fuel sample was stretched across the
electrodes. The lid was tightly screwed on and the bomb was
filled about 25 atm of pressure with O,. The initial temperature
was recorded. After completion of the circuit, the fuel in the
crucible burned with the evolution of heat, and the maximum
temperature attained was recorded.
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