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Two kinds of magnetic-responsive solid acid catalysts were designed and prepared via an in situ
polymerization of poly(ionic liquid)s (PILs) on the surface of Fes0,@SiO, NPs for the catalyzed
esterification of palmitic acid and methanol. They were characterized using XRD, TGA, VSM, NMR
spectroscopy, FTIR spectroscopy, XPS, SEM, and GC techniques. The results confirmed the
preparation of solid acid catalysts. Meanwhile, they possessed excellent catalytic activity and
recyclability. The effect of the reaction conditions on the esterification was investigated through
single-factor analyses, and the proposed catalytic mechanism of the prepared solid acid catalysts in
the esterification are also discussed. Under the optimal reaction conditions (10 wt% catalyst, 6 h, 70 °
C, and molar ratio (MR) of methanol to palmitic acid of 12:1), the conversion rate of palmitic acid
could reach 94% and 79% with Fez04@SiO,-poly(l-vinyl-3-ethylimidazolium phosphotungstate)
(Fe304@SiO,—P([VLIMIPW)) and Fez04@SiO,-poly(l-vinylimidazole-3-propyl sulfonate) (Fez0,4@SiO,—
P(IVLIM]SO3)) NPs serving as catalysts, respectively. Furthermore, the Fez0,4@SiO,—P([VLIM]PW) NPs
could still maintain a high catalytic activity even after being reused 5 times without significant
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1. Introduction

Esterification is one of the most important reactions in the
pharmaceutical and chemical industries. However, the esteri-
fication of organic acids to esters is much slower than catalyzed
esterification kinetically.' Thus, it is critical to develop an
appropriate catalyst for esterification. The catalyst could be an
acid or base.>* Normally, a base catalyst is more effective than
an acid catalyst in the esterification reaction due to its excellent
catalytic activities.® However, a base catalyst could directly react
with an organic acid and the corresponding salt has to be
removed from the product for the purification of the product.®
Meanwhile, homogeneous acid catalysts, such as sulfuric acid,
hydrochloride acid, and nitric acid, suffer from problems
related to equipment corrosion, environmental pollution, and
non-recyclability.” Based on the above analysis, solid acid
catalysts could avoid the above problems. Meanwhile, the
purification processes for the product could be greatly reduced.

Biodiesel is a mixture of different fatty acid esters, which
could be prepared by the esterification of fatty acids and short
chain alcohols. Compared with traditional fossil fuels, biodiesel
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not only is renewable and biodegradable but also possesses
similar functions in terms of performance and engine
durability.’*** Furthermore, it emits less CO and particles in
combustion. Therefore, the employment of renewable biodiesel
is a feasible solution to help alleviate the current energy and
environmental crisis.”*™** In the recent years, researchers have
paid more attention to developing solid acid catalysts for the
preparation of biodiesel. Several kinds of solid acid catalysts,
such as polymers,'*'” ionic liquids (ILs),"*° poly (ionic liquids)
(PILs),>*** and carbon-derived solid acids and their
composites,>?® have been prepared and applied in various
fields.”” Among the above-mentioned materials, acidic PILs are
the most prominent catalysts owing to their remarkable prop-
erties of designability, environmental friendliness, strong
acidity, high stability and so on.*®*3° However, they are easily
soluble in polar solvents, which brings difficulties in the
recovery of the catalyst and purification of the product. Thus, it
would be necessary to immobilize the acid PILs on the surface
of recyclable solid materials.

A number of studies have reported that heteropoly acids with
the Keggin structure, sulfonic acid, and their salts, including
phosphotungstic acid (PTA), vanadium-substituted phospho-
molybdic acid, phosphomolybdic acid, heterogeneous cesium
hydrogen phosphotungstate, and sulfonated imidazolium ionic
liquid, could serve as effective catalysts owing to their strong
acid properties.”*** Thus, the combination of organic cation
and anion groups with strong acid properties is interesting as
they would form a kind of novel ionic liquid (IL). These could

RSC Adv, 2023, 13, 27579-27588 | 27579


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra05350d&domain=pdf&date_stamp=2023-09-15
http://orcid.org/0000-0002-4853-4680
https://doi.org/10.1039/d3ra05350d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05350d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013039

Open Access Article. Published on 15 September 2023. Downloaded on 1/17/2026 1:30:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
[VLIM]SO;
o o
__o_ Aacetonitrile ot i
(a) H2c=Hc—HN©N L (:):, ) S H2C=HC—HN\;N/\/O\¢S\O—
Fe;0,@Si0,-VL [VLIM]SO, Fe;0,@Si0,-P([VLIM]SO3)
. o AIBN cB,-C—);
- He—EN SN e, . T N
(b) d\ + HCHCTHN 0" 0 Methanol <\’W+
0=%=0
o}
Fe;0,@Si0,-VL [VLIM]Br Fe;0,@Si0,-P([VLIM]Br)

H
. AIBN CH,-C
© @ 4 mere G s @O

\—=/ Methanol &W@ £
Br- Br~
PTA H,0

QA

N
(-
N
+
H,PW,,0,

Fe,0,@Si0,-P([VLIM]PW)

Fig.1 Schematic of the preparation of the magnetic-responsive solid acid catalysts.

act as effective solid acid catalysts. The immobilization of ILs can be easily separated and recycled by an external magnet.
through chemical bonds should be considered to avoid the Some magnetic-responsive solid acid catalysts have been
leaching or deactivation. As is well known, magnetic materials successfully prepared and applied in esterification.***
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However, there are scant reports on the immobilization of PILs
on the surface of magnetic-responsive materials through
chemical bonding via a simple method. Therefore, in this work,
we designed and prepared two kinds of recyclable and efficient
solid acid catalysts via a series of simple reactions, such as
solvothermal, sol-gel, polymerization, and ion exchange:
phosphotungstic (PW)- and sulfonic (SOs)-based PILs-modified
Fe;0,@Si0, NPs, respectively (Fig. 1). These solid acid catalysts
were applied in the preparation of biodiesel, which was ach-
ieved by the esterification of palmitic acid (model compound)
and methanol to evaluate their catalytic activity. The prepared
solid acid catalysts were characterized by XRD, VSM, TGA, NMR,
XPS, FTIR, SEM, and GC. Meanwhile, the effects of the reaction
conditions on the esterification reaction and conversion rate of
palmitic acid were investigated through single-factor analysis.
Furthermore, the proposed -catalytic mechanism of the
prepared solid acid in the esterification process and the recy-
clability of the magnetic-responsive solid acid catalysts were
investigated and are discussed as well.

2. Experimental

2.1. Materials

Ethylene glycol, iron (III) chloride hexahydrate, sodium acetate
trihydrate, tetraethyl orthosilicate (TEOS), ammonium
hydroxide (NH;-H,0, 25 wt%), and potassium hydroxide (KOH)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
2,2-Azobis-(2-methylpropionitrile) (AIBN), vinyl-
trimethoxysilane (VL-TMC), 1-vinyl-3-ethylimidazolium
bromide ([VLIM]Br), PTA, 1-vinylimidazole (VLIM), 1,3-pro-
panesultone, ethanol, acetonitrile, methanol, and palmitic acid
were purchased from Adamas Reagent Co., Ltd. All the reagents
were analytical grade and used as received.

2.2. Preparation of Fe;0,@8SiO,-VL NPs

First, 0.1 g of Fe;0,@Si0,, which was first prepared as per our
previous work,***® was first dispersed in a solution of 60 mL of
ethanol under ultrasonication. Then, 200 uL of VL-TMC was
added and stirred for 24 h at room temperature. Afterward, the
mixture was heated to 80 °C for 5 h under continuous stirring.
After the modification, the obtained black precipitate was
collected with a magnet and washed with deionized water and
ethanol three times to remove residual reactants. Finally, the
product, named as Fe;0,@SiO,-VL NPs, was obtained after
drying at 50 °C in a vacuum oven for 24 h.

2.3. Preparation of [VLIM]SO;

First, 0.94 g of 1-vinylimidazole and 1.12 g of 1,3-propane-
sultone were slowly added into 60 mL of acetonitrile, placed in
an ice bath, and continuously stirred for 0.5 h. After that, the
mixture was heated to 60 °C and stirred for 24 h under
a nitrogen atmosphere. The product was washed with acetoni-
trile to remove any unreacted reagents and dried in a vacuum
oven at 50 °C for 24 h. The achieved white solid powder was
named as [VLIM]SO; (Fig. 1a).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4. Preparation of Fe;0,@SiO,-P([VLIM]SO;) NPs

First, 0.1 g of Fe;0,@Si0,-VL NPs, 1 g of [VLIM]SO;, and 0.01 g
of AIBN were dispersed in 60 mL of methanol under ultra-
sonication for 3 min to form a uniform suspension at room
temperature. Then, a nitrogen atmosphere was flowed into the
mixture for 0.5 h to remove dissolved oxygen. Afterward, the
mixture was heated to 80 °C and continuously stirred for 24 h
under a nitrogen atmosphere. The obtained black precipitate
was collected with a magnet and washed with methanol to
remove any residual reactants. Then it was dried in a vacuum
oven at 50 °C for 24 h. The achieved black solid powder was
named as Fe;0,@8Si0,-P([VLIM]SO3) NPs (Fig. 1b).

2.5. Preparation of Fe;0,@SiO,-P([VLIM|PW) NPs

Fe;0,@Si0,-P([VLIM]PW) NPs were prepared in a two-step
method. The first step was the preparation of Fe;0,@SiO,—
P([VLIM]Br) NPs, which followed a similar method to that used
for Fe;0,@Si0,-P([VLIM]SO;), except that the monomer used
for the polymerization was [VLIM]Br. In the second step, 0.1 g of
Fe;0,@Si0,-P([VLIM]Br) NPs and 1.0 g of PTA were dispersed
in 30 mL of deionized water, and then stirred at 80 °C for 24 h.
The obtained black precipitate was collected with a magnet and
washed with deionized water and ethanol several times to
remove any residual PTA, and then dried at 50 °C in a vacuum
oven for 24 h. Thus, Fe;0,@SiO,-P([VLIM|PW) NPs were ob-
tained (Fig. 1c).

2.6. Preparation of biodiesel

Fe;0,@Si0,-P([VLIM]SO;) and Fe;0,@Si0,-P([VLIM]PW) NPs
were, respectively, used as the catalysts in the preparation of
biodiesel. A stoichiometric amount of catalyst, methanol, and
palmitic acid were successively added in to a round-bottom
flask equipped with a reflux condenser and mechanical
stirrer. The mixture was stirred at 70 °C for a certain time to
obtain the biodiesel.

For the recycling studies, the catalyst was washed and
recovered with hot water after it was collected by a magnet.
Afterward, the catalyst was further dried in a vacuum oven at
50 °C for 24 h for it to be reused. The recycled catalyst was
reused under the same conditions.

As the amount of methanol was excessive and sufficient to
drive the reaction forward toward the conversion of palmitic
acid to palmitic methyl ester in the esterification, thus the
conversion rate of palmitic acid was used to evaluate the cata-
Iytic activity, and it was calculated using the expression below.

A —A

Conversion rate = 2 % 100%

where, 4; and A, are the amounts of the initial and final pal-
mitic acid, respectively.

3. Results and discussion
3.1. Characterization of [VLIM]SO;

The molecular structure of [VLIM]SO; was characterized by "H
NMR and ">C NMR spectra, and their data are listed as follows.
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These spectra proved that
synthesized.

"H NMR (500 MHz, CD;0D) 6: 2.39 (m, 2H), 2.88 (t,] = 10 Hz,
2H), 4.51 (t,J = 10 Hz, 2H), 5.46 (dd, J = 10, 5 Hz, 1H), 5.96 (dd, J
= 20, 10 Hz, 1H), 7.30 (dd, J = 20, 10, 1H), 7.84 (s, 1H), 8.03 (s,
1H), 9.36 (s, 1H) (Fig. S17).

3C NMR (500 MHz, CD;0D) 6: 27.03, 109.94, 120.84, 124.60,
129.99, 136.94 (Fig. S27).

[VLIM]SO; was successfully

3.2. Characterization of the solid acid catalysts

3.2.1 XRD. The crystal structure of the samples was char-
acterized by XRD (Fig. 2a). In the XRD pattern, the peaks at 2
theta were obtained at 30.1°, 35.4°, 43.0°, 53.4°, 56.9°, 62.5°,
and 73.9°, which were respectively assigned to the crystal planes
[220], [311], [400], [422], [511], [440], and [533] of Fe;0, (JCPDS:
75-1609).° While, the broad peak at 2 theta = 23.5° was indexed
to the amorphous structure of SiO,.** All these peaks confirmed
that Fe;O0, and Fe;0,@SiO, NPs were obtained. It was note-
worthy that the peaks in the spectra of Fe;0,@SiO,-P([VLIM]
SO3) and Fe;0,@Si0,-P([VLIM]PW) NPs were the same with
those of Fe;0,@SiO, NPs. These results showed that the crystal
structure of the samples was not changed, even after being
covered with poly([VLIM]SO;) and poly([VLIM]PW) on the
surface of the Fe;0,@SiO, NPs, respectively.
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3.2.2 TGA. TGA analysis was conducted to investigate the
thermal stability and weight percentage of poly([VLIM]SO;) and
poly([VLIM]PW) covered on the surface of the Fe;0,@SiO, NPs
(Fig. 2b). For the prepared solid acid catalysts, there were two
weight loss areas that could be observed in each curve. The first
area at about 100-150 °C was caused by the removal of absorbed
water in the samples,*” while the second area above 300 °C was
associated with the poly([VLIM]SO;) and poly([VLIM]PW)
covering on the surface of Fe;0,@SiO0, NPs, which was relatively
stable in terms of the thermal properties.** With the increase in
temperature, poly([VLIM]SO;) and poly([VLIM]PW) gradually
decomposed and eventually disappeared. Furthermore, the
weight percentages of poly([VLIM]SO;) and poly([VLIM]PW)
could be calculated through the TGA curves because the Fe;-
0,@Si0, NPs could not be decomposed under 700 °C. They
were 40% and 87%, respectively. This meant that there was
a large amount of acidic PILs covering the surface of the Fe;-
0,@Si0, NPs.

3.2.3 VSM. To investigate the recyclable properties of the
samples, their magnetic properties were measured by VSM in an
external magnetic field from —10 000 to +10 000 Oe. In order to
calculate the saturation magnetization (M), the magnetization
(M) was plotted vs. 1/H. From the extrapolation of the curves, the
M; values of the samples were found to decrease from 71, 57,
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Fig.2 Characterization of FesOa, Fes04@SiO», Fes04@SiO,—P(IVLIMISO3), and Fes04@SiO,—P(IVLIMIPW) NPs: (a) XRD, (b) TGA, (c) VSM, and (d)

enlarged VSM image.
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and 42 emp g ' to 36 emp g ' for Fe;0,, Fe;0,@SiO, NPs,
Fe;0,@Si0,-P([VLIM]SO;), and Fe;0,@Si0,-P([VLIM]PW),
respectively (Fig. 2¢). We inferred that this was caused by them
being covered with a layer of non-magnetic SiO,, poly([VLIM]
SO;), and poly([VLIM]PW) on the surface of the Fe;O, NPs,
respectively. The M; value of the Fe;0,@SiO,-P([VLIM]PW) NPs
was lower than that of Fe;0,@SiO,-P([VLIM]SO;) NPS, which
might be caused by the layer of poly ([VLIM]PW) being thicker
than that of poly ([VLIM]SO;) on the surface of the magnetic-
responsive Fe;O,@SiO, NPs. Furthermore, the TGA results
showed the weight content of poly([VLIM|PW) was higher than

o
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that of poly([VLIM]SO;) on the surface of the Fe;0,@SiO, NPs in
the as-prepared solid acid catalysts. Thus, we inferred that the
thickness of poly([VLIM|PW) was thicker than that of poly([-
VLIM]SO;) on the surface of the Fe;0,@SiO, NPs. Also, the
coercivity (H.) of these samples was not zero (Oe), which
confirmed that they had the properties for displaying super-
paramagnetic performances (Fig. 2d). Based on the above
analysis, Fe;0,@Si0,-P([VLIM]SO3) and Fe;0,@SiO,-P([VLIM]
PW) NPs had strong magnetic responsiveness and they could be
easily recycled in an applied magnetic field.
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Fig. 3 XPS spectra of the solid acid catalysts. Survey spectra of (a) Fe30,4,@SiO,—P([VLIMIPW), (b) Fe30,4@SiO,—-P([VLIM]SOs3); and high-resolution

spectra of (c) C 1s, (d) N 1s, (e) W 4f, and (f) S 2p.
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3.2.4 XPS. To further confirm that poly([VLIM]SO;) and
poly([VLIM]PW) were covered on the surface of the Fe;0,@SiO,
NPs, the surface composition and chemical state of the
elements in Fe;0,@Si0,-P([VLIM]SO;) and Fe;0,@SiO,-
P([VLIM]|PW) NPs were characterized by XPS. The survey spectra
of Fe;0,@SiO,-P([VLIM]JPW) NPs suggested the presence of
C, N, P, W, and O elements (Fig. 3a), while C, N, S, and O
elements were observed in the spectrum of the Fe;0,@SiO,—
P([VLIM]SO;) NPs (Fig. 3b). The fitting-related data are pre-
sented in the ESI (Tables S1 and S2t). Furthermore, the high-
resolution spectra of C 1s, N 1s, W 4f, and S 2p were also
analyzed. The resulting peaks at 284.8, 286.2, and 288.8 eV in
the C 1s spectrum were ascribed to C-C, C-N, and C=N bonds
(Fig. 3c). Meanwhile, the peaks at 400.2 and 398.3 eV in the N 1s
spectrum were assigned to C=N and C-N bonds* (Fig. 3d).

Fe304@SiO,-P([VLIM|PW) | 11 n | I
f I
= :
NS
N’
5 |
3]
= |
8 [Fe304@Si05-P(IVLIM]SO |
b1 e
£ ' I [
= ' o I
- |
= o '
| : 10!;0| d ! I
890 792 590
1471
1628 175 g9 1
820
4000 2700 1500 1000 500

Wavenumber (cm'l)

Fig. 4 FTIR spectra of the solid acid catalysts.
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These peaks were also both observed in the XPS spectra of
Fe;0,@Si0,-P([VLIM]SO;) and Fe;0,@Si0,-P([VLIM]PW) NPs,
suggesting that the poly(vinyl imidazole) group had grafted on
to the surface of the Fe;0,@SiO, NPs.** In addition, the char-
acterized peaks at 36.4 and 38.1 eV in the W 4f spectrum were
assigned to W 4f;;, (WO;) and W 4f5;, (WO;) of the PW group*®
(Fig. 3e). The peaks at 164.8 and 167.6 eV in the S 2p spectrum
were ascribed to S 2pz., and S 2p,,, of SO3, while the peaks at
170.9 and 172.9 eV were attributed to S 2p;/, and S 2p,, of SO,
of poly([VLIM]SO;)*” (Fig. 3f). All the spectral results confirmed
that poly([VLIM]SO;) and poly([VLIM]PW) had respectively
grafted on to the surface of the Fe;0,@SiO, NPs, thus con-
firming Fe;0,@Si0,-P([VLIM]SO;) and Fe;0,@SiO,-P([VLIM]
PW) NPs were achieved.

3.2.5 FTIR. The characteristic groups of the prepared solid
acid catalysts were characterized by FTIR (Fig. 4). In the spectra,
the peaks at 590 and 1080 cm ' indicated Fe-O and Si-O-Si
bonds, respectively.” Meanwhile, the peaks at 1628, 1471, and
792 em ™ were associated to the C=C, C=N, and C-H bonds of
the imidazole group, respectively.*® These above peaks could be
observed in both curves. Furthermore, the characteristic peaks
at 820, 890, 989, and 1080 cm ™', respectively, indicating O-b1-
W, O-b2-W, W=0, and P-O of the Keggin structure, were
observed with the Fe;0,@SiO,-P([VLIM]PW) NPs;® while the
characterized peak of S=O at 1175 cm™ ' was observed with the
Fe;0,@Si0,-P([VLIM]SO;) NPs.***® All the peaks indicated the
as-designed solid acid catalysts were achieved.

3.2.6 SEM. The morphologies of the samples were charac-
terized by SEM. For the Fe;O,4 NPs, their surface was rough and
their mean diameter was about 250 nm (Fig. 5a); while the
surface became smooth and the diameter increased to 300 nm
after being covered with a SiO, layer (Fig. 5b). This meant that
the thickness of the SiO, layer covered on the surface of Fe;0,

Fig. 5 SEM images of the samples: (a) FezO,, (b) Fes04@SIO,, (c) Fez04@SiO,—P([VLIMISO3), and (d) Fes04,@SiO,—P([VLIM]PW) NPs.
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NPs was about 25 nm. The diameters of Fe;0,@SiO,-P([VLIM]
SO3;) and Fe;0,@SiO,-P([VLIM]PW) NPs were both about
350 nm, which was slightly larger than that of the Fe;0,@SiO,
NPs. Meanwhile, the degree of roughness was increased with
poly([VLIM]SO3) and poly([VLIM|PW) covering the surface of the
Fe;0,@SiO, NPs, respectively. It was noteworthy that the Fe;-
0,@Si0,-P([VLIM]SO;) NPs were entangled together through
the grafted poly([VLIM]SO;) on the surface of the Fe;0,@SiO,
NPs (Fig. 5¢), and we inferred that this was caused by hydrogen
bonds between the SO; groups of poly([VLIM]SO;) and deion-
ized water in the mixture. However, the Fe;0,@SiO,-P([VLIM]
PW) NPs were monodispersed (Fig. 5d), which was probably due
to the effect of steric hindrance of the PW groups covered on the
surface of the Fe;0,@SiO, NPs.

3.2.7 Acidity of the solid acid catalysts. The acidity, which
was caused by the sulfonate group and phosphotungstic acid
group, could be used to determine the catalytic activity of Fes-
0,@Si0,-P([VLIM]SO;) and Fe;0,@Si0,-P([VLIM|PW) NPs
when serving as catalysts, respectively. The acidity was thus
measured, here by KOH-ethanol solution (5 mg L") via acid-
base titration with phenolphthalein as the indicator.” The
acidity was calculated according to the following equation:

CKOH
Mgy,

Cur =

where Cy is the acid concentration of the catalyst (mmol g "),
and Cgon and me,.. are the molar concentration of the KOH-
ethanol solution and the weight of the catalyst, respectively. The
acidity values of the Fe;0,@SiO,-P([VLIM]SO;) NPs and Fes-
0,@8Si0,-P([VLIM|JPW) NPs were 2.3 and 3.8 mmol g ',
respectively. It was obvious that the acidity of the Fe;0,@SiO,—
P([VLIM|PW) NPs was higher than that of the Fe;0,@SiO,-
P([VLIM]SO;) NPs, suggesting that the catalytic activity of the
Fe;0,@8Si0,-P([VLIM]PW) NPs would be better than that of the
Fe;0,@Si0,-P([VLIM]SO;) NPs.

3.3. Catalytic properties of the solid acid catalysts

The catalytic properties of Fe;0,@8Si0,-P([VLIM]SO;) and Fe;-
0,@8i0,-P([VLIM]PW) NPs were investigated by the catalyzed
esterification of palmitic acid and methanol. The esterification
reaction was carried out at 70 °C for 6 h while the MR of
methanol to palmitic acid was 18:1. As shown in Fig. 6, Fe,-
0,@Si0,-P([VLIM]|SO;) and Fe;0,@SiO,-P([VLIM|PW) NPs
both presented strong catalytic activity in the esterification. The
conversion rate was significantly improved with the increase in
the dosage of Fe;0,@Si0,-P([VLIM]SO;3) and Fe;0,@SiO,—
P([VLIM]PW) NPs in the mixture, reaching up to 75% and 92%,
respectively. Meanwhile, the results indicated that the catalytic
activity of Fe;0,@Si0,-P([VLIM|PW) was higher than that of the
Fe;0,@Si0,-P([VLIM]SO3) NPs in the esterification. We infer-
red that this could be attributed to the high loading content and
monodispersion of poly([VLIM]PW) covered on the surface of
the Fe;O0,@Si0, NPs. These results were consistent with those
of the TGA and SEM images. When the dosage of Fe;0,@SiO,—
P([VLIM]PW) NPs was 10 wt% (weight percentage based on
palmitic acid), the conversion rate could reach up to 92%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Conversion rate of palmitic acid in the esterification catalyzed
by Fez0,4@SiO,—P([VLIMISO3) and FezO4@SiO,—P([VLIMIPW) NPs with
different dosages (70 °C, 6 h, MR of methanol to palmitic acid of 18 : 1).

However, the conversion rate gradually decreased when the
dosage of solid acid catalysts was more than 10 wt% in the
mixture, which was probably caused by aggregation of the Fe;-
0,@Si0,-P([VLIM]SO;) and Fe;0,@Si0,-P([VLIM]PW) NPs in
the mixture, and thus their catalytic activity decreased.

A series of experiments were carried out according to single-
factor analyses to determine the optimal reaction conditions for
the preparation of biodiesel by the esterification of palmitic acid
and methanol. According to the results obtained from Fig. 6, the
dosage of Fe;0,@SiO,-P([VLIM]PW) NPs was selected as
10 wt%. The effects of changing the reaction factors, such as
reaction time, reaction temperature, and MR of methanol to
palmitic acid, were investigated, and the corresponding results
are shown in Fig. 7. The results indicated that the optimal
reaction conditions were as following: reaction time, tempera-
ture, and MR of methanol to palmitic acid of 6 h, 70 °C, and 12 :
1, respectively. Under the above reaction conditions, the
conversion rate could reach up to 94%.

3.4. Catalytic stability

From the viewpoints of economical consideration and envi-
ronmental concerns, the stability properties of catalysts are
greatly important. Thus, experiments to investigate the catalyst
reuse potential were conducted in the esterification of palmitic
acid and methanol with Fe;0,@SiO,-P([VLIM]PW) NPs as the
catalyst under the optimal reaction conditions mentioned
above. The results are shown in Fig. 8, where it can be seen that
even after being reused for 5 times, the conversion rate was still
as high as 84%. These results confirmed that the Fe;0,@Si0,—
P([VLIM]PW) NPs possessed excellent reusability potential, and
thus they could be suitable to serve as efficient solid acid cata-
lysts in the esterification.

The acidity of the reused Fe;0,@SiO,~P([VLIM]PW) NPs was
also investigated, and the value was 3.2 mmol g~ after recycling
the catalyst 5 times. The Fe;0,@SiO,-P([VLIM]PW) NPs showed
a slight decrease in acidity, whereas their SEM image and VSM

RSC Adv, 2023, 13, 27579-27588 | 27585
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Fig. 7 Effects of changing different reaction factors on the conversion rate with 10 wt% FezO0,@SiO,—P([VLIM]PW) NPs as the catalyst: (a)
reaction time (70 °C, MR of methanol to palmitic acid of 18 : 1), (b) reaction temperature (6 h, MR of methanol to palmitic acid of 18 : 1), and (c) MR

of methanol to palmitic acid (70 °C, 6 h).

value showed no change. However, in the FTIR spectra of the
used Fe;0,@Si0,-P([VLIM]PW) NPs, there was a decrease in the
intensity of the characteristic peak for phosphotungstate
(Fig. S31), indicating a slight deactivation of the reused catalyst.

100

4k

Conversion (%)
= 3

I 2 3 4 5
Recycle times

Fig.8 Reusability of Fezs0,4@SiO,—P([VLIM]PW) NPs as catalysts for the
esterification of palmitic acid and methanol. Reaction conditions: RM
of methanol to palmitic acid of 15:1, 10 wt% catalyst, 70 °C, 6 h.
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3.5. Mechanism of the solid acid-catalyzed esterification

Based on the results from recent reports about catalyzed esteri-
fication kinetics,****** we think the catalyzed esterification reac-
tion in this work was accomplished via the chemisorption of
palmitic acid on the surface of the magnetic-responsive solid acid
catalysts. The esterification was a nucleophilic reaction. The
electron cloud density of poly([VLIM]PW) and poly([VLIM]SO;)
was high, thus Fe;0,@SiO,-P([VLIM]SO;) and Fe;0,@SiO,-
P([VLIM]PW) NPs could provide protons to palmitic acid. This
resulted in palmitic acid being easily absorbed on the surface of
Fe;0,@Si0,-P([VLIM]SO;) and Fe;0,@Si0,~P([VLIM]PW) NPs.
The C=O0H" was generated from the reaction of the active sites
on the magnetic-responsive solid acid with the C=0 of palmitic
acid. Then, the -COOH group of palmitic acid was protonated
and a carbocation was formed. After that, nucleophilic attack
from methanol to the above carbocation was performed, and
then the tetrahedral intermediate was achieved. Finally, the
tetrahedral intermediate was respectively moved away from the
surface of Fe;0,@Si0,-P([VLIM]SO;) and Fe;0,@SiO,~P([VLIM]
PW) NPs via proton migration, and thus palmitic acid methyl
ester was obtained. Meanwhile, the catalytic activities of Fes-
0,@Si0,-P([VLIM]SO3) and Fe;0,@SiO,-P([VLIM|PW) NPs were
regenerated after the esterification, respectively. Furthermore, we
think the enhanced catalytic performance of the prepared solid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acid catalysts in this work was caused by the PILs being uniformly
dispersed on the Fe;0,@SiO, NPs with a large specific surface
area. Thus, a greater number of activated sites on the magnetic-
responsive solid acid catalysts could be applied in the esterifica-
tion and the catalytic performance was improved.

4. Conclusions

In summary, two kinds of magnetic-responsive solid acid cata-
lysts were designed and prepared by an in situ polymerization on
the surface of magnetic nanoparticles. They were characterized
by XRD, VSM, NMR, FTIR, TGA, XPS, SEM, and GC. The results
showed that the solid acid catalysts with magnetic responsive-
ness were about 350 nm in diameter, and their surface was rough
due to the coverage of poly([VLIM]PW) and poly([VLIM]SOs) on
the surface of the Fe;O0,@SiO, NPs, respectively. The weight
contents of the poly([VLIM|PW) and poly([VLIM]|SO;) coverings
were about 87% and 40%, respectively. The catalytic activity of the
solid acid catalysts was evaluated by the catalyzed esterification of
palmitic acid and methanol. By comparison, the catalytic prop-
erties of Fe;0,@SiO,~P([VLIM]PW) NPs were better than that of
the Fe;0,@Si0,-P([VLIM]SO;) NPs, which was due to the greater
number of activated sites and high loading content of poly([-
VLIM|PW) covered on the surface of the Fe;0,@SiO, NPs as
presented in the esterification. Under the optimal reaction
conditions (10 wt% catalyst, 6 h, 70 °C, and MR of methanol to
palmitic acid of 12 : 1), the conversion rate of palmitic acid in the
esterification could reach up to 94% when the Fe;0,@SiO,-
P([VLIM]PW) NPs served as catalysts. Furthermore, the Fe;0,@-
SiO,-P([VLIM|PW) NPs could still maintain a high catalytic
activity even after being reused 5 times without significant
deactivation. More importantly, this work proposes a simple
method to cover acidic PILs on the surface of magnetic particles.
This method has great potential for the preparation of solid acid
catalysts with magnetic responsiveness, which could be used in
many domains, such as catalysis and waste treatment.
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