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Green and recyclable solid acid catalysts are in urgent demand as a substitute for conventional liquid
mineral acids. In this work, a series of novel sulfonic acid-functionalized core-shell Fe;04@carbon
microspheres (Fe30,@C-SOsH) have been designed and synthesized as an efficient and recyclable
heterogeneous acid catalyst. For the synthesis, core-shell Fe;0,@RF (resorcinol-formaldehyde) micro-
spheres with tunable shell thickness were achieved by interfacial polymerization on magnetic Fe304
microspheres. After high-temperature carbonization, the microspheres were eventually treated by
surface sulfonation, resulting in Fe;0,@C-x-SOsH (x stands for carbonization temperature) microspheres
with abundant surface SOsH groups. The obtained microspheres possess uniform core-shell structure,
partially-graphitized carbon skeletons, superparamagnetic property, high magnetization saturation
value of 10.6 emu/g, and rich SO3H groups. The surface acid amounts can be adjusted in the range of 0.59-
1.04 mmol/g via sulfonation treatment of carbon shells with different graphitization degrees. The
magnetic Fe304@C-x-SOsH microspheres were utilized as a solid acid catalyst for the acetalization
reaction between benzaldehyde and ethylene glycol, demonstrating high selectivity (97%) to
benzaldehyde ethylene glycol acetal. More importantly, by applying an external magnetic field, the
catalysts can be easily separated from the heterogeneous reaction solutions, which later show well
preserved catalytic activity even after 9 cycles, revealing good recyclability and high stability.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Sulfuric acid (H,SO4) is an important catalyst for production of
many important industrial chemicals, and more than 15 million
tons of H,SO4 are consumed per year in industry. However, the
used H,SO4 is hardly separated from the homogeneous reaction
systems, resulting in massive emissions of H,SO4/sulfate and
severe harm to environment as well. Therefore, it is urgently
desired to explore strong solid acids with high catalytic activity and
long-term stability as a substitute for the unrecyclable liquid acids
[1]. For example, as a kind of typical solid acids, cation-exchanged
resins (e.g., perfluorosulfonic acid) are widely used as proton
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conductors in polymer electrolyte fuel cells (PEFCs), which can
improve the fuel efficiency and reduce the usage of noble-metal
catalysts. However, the polymer-based solid acids are still less
active, less stable and more expensive than liquid acids [2-8],
limiting their practical applications in PEFCs and other catalytic
reactions. Therefore, it is of great significance to design and
synthesize low-cost stable inorganic or organic materials with
enough strong protonic acidity for use as highly qualified and
recyclable solid acid catalysts.

In recent years, carbon materials, such as carbon nanotubes,
mesoporous carbons, carbon dots, graphene, have been extensively
synthesized and applied in catalysis, environmental protection,
renewable energy storage, etc., mainly due to their high stability,
easy scalability and adjustable physical/chemical properties [9-
14]. Through sulfonation and incomplete carbonization of polycy-
clic aromatic compounds (such as naphthalene) in concentrated
H,SO4, Hara and co-workers prepared carbon-based solid acids
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with high density of sulfonic acid groups (SOsH). The SOsH-bearing
carbon materials showed strong protonic acidity, and were utilized
as superior solid acid catalysts for diverse acid-catalyzed reactions
[15-21]. Besides naphthalene, other low-cost widespread hydro-
carbons can also be used as the starting carbon sources, such as
polycyclic aromatic hydrocarbons in coal tar or petroleum pitch
(anthracene, perylene, coronene, etc.), natural organic matter
(sugars, starch, cellulosic materials, etc.) [15,17,19,20]. Recently,
Yang et al. designed several solid acid catalysts based on hybrid
hollow or core-shell nanospheres, which were composed of
sulfonated polystyrene (PS-SOsH) as cores and mesoporous silica
as shells [22-24]. The composite materials showed much higher
activity and better recyclability than Amberlyst-15 and concen-
trated H,SO,4 in acid-catalyzed reactions. The solid acid catalysts
can be easily collected for reuse by centrifugation or filtration from
the heterogeneous systems; however, it still remains a great
challenge in practical reactions due to their low separation
efficiency and high energy consumption.

During past several years magnetically recoverable catalysts
have attracted tremendous interests, mainly because they possess
a promising accessibility of facile separation and improved
reusability from reaction systems under an external magnet
[25-29]. For example, Tai et al. synthesized Fe;0,@Si0,@mSiO,
nanoparticles, which owned sulfonic acid-functionalized meso-
porous silica shell and demonstrated improved activity and facile
recovery in esterification [30]. Compared to amorphous silica,
carbon materials can be easily and stably modified during
sulfonation process. The carbon-based microspheres grafted with
SOsH groups possess better chemical inertness, higher thermal
stability and stronger acidity than the silica-based sulfonic acid
materials [31]. Therefore, many strategies have been adopted for
the synthesis of magnetic carbonaceous solid acid catalysts
[32,33]. To the best of our knowledge, until now little work has
been done to rationally synthesize carbon-based magnetic solid
acid catalysts with well-defined structure and functionality.
Ideally, from the viewpoint of practical applications, these catalyst
materials should possess uniform core-shell structure consisting of
magnetic cores and SOsH-bearing incompletely-carbonized shells
so as to provide surface affinity to reaction medium and obtain
convenient recycling catalysts. In past decades, our group has
developed a novel surfactant-directed interface co-assembly
strategy to design magnetic core-shell (or yolk-shell) structured
microspheres, which are usually composed of Fe;0,4 inner cores
and permeable mesoporous shells [34-40]. In order to improve the
stability and tune the surface property of Fe;04 particles, dense
protective layers of nonporous resorcinol-formaldehyde (RF)
resins were deposited on Fe304 cores in advance, which were
beneficial for subsequent uniform assembly of mesoporous shells
[34,35,41]. Because of the strong complexation between phenolic
hydroxyl groups and iron ions, resorcinol molecules can be
strongly attached onto the surface of Fe;04 particles, and thus
uniform RF resin shells are easily formed by controllable
polymerization of resorcinol with formaldehyde [34]. The depos-
ited RF resins also contain abundant benzene ring groups similar
with the polycyclic aromatic hydrocarbons described above [15-
21], which can be incompletely carbonized through high-
temperature or sulfonation treatments [42,43]. Herein, we first
synthesized monodisperse magnetic core-shell Fe30,@RF micro-
spheres by controllable interface polymerization between resor-
cinol and formaldehyde on magnetic Fe;0, particles. Then the
microspheres were calcined in N, atmosphere to form Fes0,@-
carbon microspheres (Fe;0,4,@C) through in situ carbonization of RF
shells under catalytic assistance of iron ions. After further surface
sulfonation of the carbon shells, core-shell Fe;0,@C-SOsH micro-
spheres with rich sulfonic acid on surface were obtained and
utilized as the solid acid catalyst for acetalization reaction between
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benzaldehyde and ethylene glycol, showing superior catalytic
activity, selectivity and recyclability.

All reagents in analytical grade were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (China) and used as received,
including absolute ethanol (C;HsOH), resorcinol (CgH4(OH),),
formaldehyde (HCHO, 37 wt%), concentrated ammonia solution
(NH3-H,0, 28 wt%), fuming sulfuric acid (H,SO4-SO3, with 50% free
S0O3), benzaldehyde (C¢HsCHO), ethylene glycol (C;HgO-), cyclo-
hexane (CgH;») and so on. Deionized water was used where
needed.

Synthesis of magnetic core-shell Fes0,@RF and Fe3;0,@C
microspheres: Hydrophilic water-dispersible Fe;0,4 particles with
a diameter of ~ 90nm were synthesized by a solvothermal
method reported before [44]. The as-made Fes04 particles of
20 mg were firstly dispersed in a glass flask containing 32 mL of
ethanol and 80 mL of water under ultrasonication treatment for
15 min. After mechanical stirring (300 rpm) at 30°C for 5 min,
1 mL of concentrated ammonia solution and 0.40 g of resorcinol
were added successively to the solution with further stirring for
10 min. Afterward, formaldehyde of 0.60 mL was added dropwise
with a syringe and the solution was continuously stirred for
another 10h. The solid product was separated by a magnet,
followed by washing with 95% ethanol solution three times and
drying at 70 °C for 12 h, to obtain core-shell Fe30,@RF (RF =res-
orcinol-formaldehyde) microspheres. The microspheres were
then calcined in N, atmosphere at different temperatures
(300-800°C) for 4h (heating rate =1°C/min), and a series of
Fe30,@C-x microspheres (x stands for the calcination tempera-
ture) with carbon shells of different carbonation degrees were
obtained. In the further catalysis process, RF microspheres were
also synthesized for comparison, which were not coated on Fe304
particles, and were further carbonized in N, atmosphere at 600 °C
(denoted as C-600).

Synthesis of Fe30,4@C-x-SOsH microspheres: 20 mg of Fe30,@C-
x microspheres were put into a small crucible, which was then
placed in a Teflon-lined stainless-steel autoclave holding 7 mL
fuming sulfuric acid in the bottom. After sulfonation treatment at
60 °C for 48 h, the sample was washed repeatedly in hot water of
80 °C to remove physically adsorbed H,SO4. The residual H,SO4 in
eluent was detected by adding BaCl, solution until no formation of
BaSO,4 precipitation. After separation by a magnet, Fe;0,@C-x-
SOsH microspheres were dried at 70 °C for 12 h for further use. For
comparison, the carbon microspheres were also sulfonated to form
C-600-SO3H.

Acidity determination and acetalization reaction of Fe30,@C-x-
SOsH microspheres: The sample of Fe30,@C-x-SOsH (20 mg) was
added into 20 mL of NaCl solution (2 mol/L) with stirring at room
temperature for 24 h to exchange H* with Na* ions [22-24]. After
separating the Na‘-exchanged microspheres (Fe304@C-x-SO3Na)
by a magnet, the remained solution was accurately titrated with
6.5 mmol/L NaOH solution to calculate the acid amounts of
Fe;0,@C-x-SOsH samples.

The acetalization reaction between benzaldehyde and ethylene
glycol was conducted in a three-necked flask. The sample of
Fe;04@C-x-SOsH (20mg) was firstly dispersed in 10 mL of
cyclohexane under ultrasonic treatment for 10 min, and then
1.53 mL of benzaldehyde (15 mmol) was added in the flask under
mechanical stirring. Before reaction the air in the flask was
completely removed in advance by injecting pure N,. Ethylene
glycol of 0.84mL (15 mmol) was injected into the flask when
reaction temperature rose to 90 °C. During reaction the interme-
diate liquid products were separated and analyzed by gas
chromatography-mass spectrometry (GC-MS). After reaction the
used catalyst was separated by a magnet, and the repeat
experiments was conducted to test the recyclability under the
same conditions. For comparison, the total acid amount and
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catalytic activity of C-600-SOsH were also measured in the same
procedure.

X-ray powder diffraction (XRD) was conducted on Bruker D4 X-
ray powder diffractometer (Bruker, Germany) between 10° and
80°/20 (scan rate=0.02°/min), using Cu K, radiation under
working voltage of 40 kV and current of 40 mA. Scanning electron
microscopy (SEM) was carried out on S-4800 field-emission
scanning electron microscope (Hitachi, Japan) under working
voltage of 20 kV. Transmission electron microscopy (TEM) was
conducted on JEOL-2011 transmission electron microscope (JEOL,
Japan) under acceleration voltage of 200KkV. Fourier-transform
infrared (FT-IR) spectra were recorded with a KBr method on
Nicolet Fourier spectrometer (Thermo Fisher, USA). Raman spectra
were recorded in anti-Stokes range of 500-2000 cm~! on inVia
Raman microscope (Renishaw, USA) equipped with He-Gd laser at
excitation wavelength of 532 nm. The magnetic property was
measured on a superconducting quantum interference device at
300 K. The concentration of reagents and products in acetalization
reaction was analyzed by GC-MS on GC-7900 gas chromatogra-
pher (Techcomp, USA).

Scheme 1 illustrates the synthetic route of sulfonic acid-
functionalized magnetic core-shell Fe;04@carbon (Fe;0,@C-x-
SOsH) microspheres. First, a solvothermal method was used to
synthesize Fe;0,4 particles as magnetic cores. Second, through
interfacial polymerization between resorcinol and formaldehyde
under alkaline conditions, RF resin layers were uniformly
deposited on the surface of Fes0,4 particles, resulting in magnetic
core-shell Fe304@RF microspheres. Third, the microspheres were
controllably calcined in N, atmosphere at different temperatures.
During this process the outer RF shells were partially carbonized
into graphitic skeletons to form magnetic core-shell Fe;0,@C-x
microspheres (x stands for the calcination temperature). Finally,
through sulfonation treatment in fuming H,SO4, sulfonic acid
groups (SOsH) were generated on the surface of carbon shells, and
sulfonic acid-functionalized magnetic core-shell Fe30,@C micro-
spheres (Fe;0,@C-x-SO3H) were obtained.

The magnetic Fe304 particles were synthesized by a simple
solvothermal method [44], and TEM image (Fig. 1a) indicates that
the as-synthesized Fe304 particles possessed uniform spherical
morphology with an average diameter of ~ 90nm, and were
composed of a great number of tiny Fe;04 nanocrystals of ~10 nm
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Fig. 1. TEM images of (a, b) Fe;0, particles and Fe;0,@RF microspheres with shell
thickness of (c) 40 nm, (d) 90 nm and (e) 200 nm, respectively.

(Fig. 1b). Since many citrate groups were anchored on the rough
surface, the polycrystalline Fe304 particles exhibited great
hydrophilicity and high dispersibility in polar solvent such as
ethanol aqueous solution. Moreover, resorcinol molecules were
able to attach onto the surface of Fe;0, due to strong
complexation between iron ions and phenolic hydroxyl groups.
Therefore, RF resin layers could be well deposited on the surface
of Fe30,4 through stepwise polymerization of attached resorcinol
with formaldehyde. In general, both hydrogen ions (H*) and
hydroxide ions (OH™) are feasible catalysts by helping to link
resorcinol with formaldehyde molecules, and H ions can help

Scheme 1. Synthetic illustration of the sulfonic acid-functionalized magnetic core-shell Fe;0,@carbon microspheres through interfacial polymerization, carbonization in N,

atmosphere at different temperatures and following sulfonation treatment.
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Fig. 2. TEM images of Fe30,@C microspheres obtained by carbonization of
Fe304@RF microspheres with shell thickness of 90 nm at different temperatures
(300-600°C): (a) Fe30,@C-300, (b) Fe30,@C-400, (c) Fe30,@C-500, (d) Fe30,@C-
600.

reduce gelation time in the sol-gel process, with a different
polymerization mechanism against OH™ ions [45]. However, acid
solution can surely damage the structure of Fe304, so in this case,
weak alkaline solution of ammonia (about pH 9) was selected as a
buffer catalyst solution for polymerization between resorcinol
and formaldehyde. The spherical morphology of Fe;0,4 particles
was still preserved after coating RF shells, and the formed
Fe304@RF microspheres showed uniform core-shell structures
and tunable shell thicknesses from 40 nm to 200 nm through
changing the amounts of resorcinol and formaldehyde with a
constant volume ratio of 1:1.5 (Figs. 1c-e). SEM image of the
inorganic-organic hybrid Fe;04@RF (Fig. S1 in Supporting
information) displays many monodisperse microspheres with
bright centers and dark surroundings, revealing uniform particle
sizes and distinct core-shell structures. The shell thickness of RF
layers plays a vital role in following carbonization process.
Because thin shells (< 40nm) can easily shrink and collapse
during calcination, and thick shells (> 200nm) can weaken
magnetic property of the whole microspheres, herein, the
Fe;0,4@RF microspheres with an appropriate shell thickness of
90 nm were chosen for further carbonization and sulfonation.
Magnetic core-shell Fe30,@C microspheres were obtained by
carbonization of Fe304@RF with shell thickness of 90 nm under N,
atmosphere at different temperatures. TEM images indicate that
the compact and core-shell structures were well maintained in the
temperature range of 300—-600°C (Fig. 2), exhibiting monodis-
perse spherical morphology. The diameter of Fe304 particles and
thickness of carbon shells in each sample were also quite close to
those of the corresponding as-prepared Fe;04@RF microspheres,
and no obvious distortion or collapse was observed (Fig. 1d),
revealing high thermal stability of the carbon shells between
300°C and 600°C. Therefore, the optimal shell thickness of
Fe;04@C microspheres for further sulfonation is 90 nm. When
carbonization temperature rose to 700 °C, huge cavities appeared
inside the carbon shells (Fig. S2a in Supporting information),
resulting in typical yolk-shell structures. Notably, average size of
the inner Fes0,4 cores increased to about 200 nm, but a slight
deformation of spherical morphology was observed. At the same
time the thickness of carbon shells greatly decreased to ~ 40 nm.
These results imply that an intense reaction (e.g., carbothermal
reduction) occurred between RF resins and Fe;0, particles at
700°C, leading to formation of much denser carbon skeletons.
When calcination temperature rose to 800°C, the core-shell
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Fig. 3. XRD patterns of Fe;0,@C microspheres obtained by carbonization of
Fe30,4@RF microspheres with shell thickness of 90 nm at different temperatures
(300-800°C): (a) Fe304,@C-300, (b) Fe304@C-400, (c) Fe;0,@C-500, (d) Fe;0,@C-
600, (e) Fe;0,@C-700 and (f) Fe30,@C-800.

structure of Fes04,@RF microspheres completely collapsed, and
only a few residues of Fe304 inside were observed (Fig. S2b in
Supporting information). The particles of ~ 400nm possess
irregular spherical morphology and enclosed cavities, indicating
a strong reaction between Fes0,4 and carbon shells at 800 °C.

XRD pattern (Fig. 3) of Fe304,@C microspheres displays six
typical diffraction peaks, which were well indexed to the
reflections of (220), (311), (400), (422), (511) and (440) lattice
planes of Fe304 (JCPDS card No.19—-0629), respectively, indicating
existence of crystalline Fe;04 under carbonization at the tempera-
ture ranging from 300 °C to 800 °C. The intensity of main peak of
Fe;04ataround 35.4° increases as the temperature rises, indicating
enlargement of the particle size of Fes04 nanocrystals due to their
agglomeration and ripening at higher temperatures. Broad peaks
in the range of 20°-30°/260 were attributed to amorphous carbons
in shells of Fe3;0,@C microspheres, which were formed by
carbonization of RF resins at high temperature. Besides of
diffraction peaks about Fe;04, both Fe;0,@C-700 and Fe;0,@C-
800 show additional peaks assigned to (210), (211) and (112) lattice
planes (JCPDS card No. 89-2867) of crystallized Fe;C (Fig. 3e and f),
which was formed by deep reaction between RF resins and Fe304
particles when calcination temperature was over 700°C. The
generation of FesC impurity in Fes0,@C microspheres can greatly
boost the appearance of yolk-shell structure in Fe30,@C-700 and
the collapse of core-shell structure of Fe30,@C-800.

All the Fe;0,@C samples display two Raman bands (Fig. 4a)
centered at 1365 and 1589 cm™!, which are assigned to D peak and
G peak of graphitic carbon, respectively. Generally speaking, the
intensity of D peak is associated with the structural disordering of
amorphous or quasi-crystalline carbon materials, caused by
regional edge modification of the plane structure due to lack of
long-range order, while the G peak corresponds to the base surface
E,g mode (stretching vibration) of the crystalline graphite. The
intensity of G peak can indicate the ordering degree of surface
graphene layer with sp?-hybridized carbon atoms, and the
intensity ratio of D peak to G peak (Ip/lg) is used to compare
the graphitization degrees among different carbon materials. In
general, smaller Ip/l; value indicates higher regularities and
ordering degrees of carbon [46]. The Ip/Ig value decreased as the
carbonization temperature increased from 300°C to 600°C
(Fig. 4b), revealing a gradual improvement of graphitization
degree of carbon skeletons under catalytic assistance of iron ions.
Among the six calcined samples, Fe;0,@C-600 possessed the
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Fig.4. (a) Raman spectra and (b) the corresponding Ip/I¢ values of Fe;0,@C microspheres obtained by carbonization of Fe;0,@RF microspheres with shell thickness of 90 nm
at different temperatures (300-800 °C): (a) from bottom to top, (b) from left to right: Fe;0,@C-300, Fe30,@C-400, Fe30,@C-500, Fe30,@C-600, Fe30,@C-700 and Fe;0,@C-

800.

smallest Ip/Ig value (0.99), indicating the highest graphitization
degree of the carbon shells at 600 °C. Although higher calcination
temperature eventually resulted in enhanced carbon crystalliza-
tion and improved graphitization degrees in the temperature range
of 300 ~ 600°C, the graphitization degree was reduced when
calcination temperature was over 600°C, mainly due to the
formation of FesC impurity by excessive reaction between RF resins
and Fe30,4 particles. The result was quite consistent with that of
XRD patterns (Fig. 3), in which Fe3C was observed in Fe30,@C-700
and Fe;0,@C-800. Therefore, the carbonization temperature of
600 °C was the most suitable for Fe30,@RF graphitization to obtain
qualified Fe;0,@C microspheres with intact and highly-graphitic
carbon shells.

During the sulfonation process, sulfonic acid groups (SOsH)
were chemically bonded onto the surface of carbonic layers of
Fe30,4@C microspheres with a shell thickness of 90 nm in fuming
H,SO,4 vapor. It's well known that both concentrated H,SO4
aqueous solution and fuming H,SO,4 are used as the sulfonation
agents. However, direct exposure of Fe30,@C microspheres in acid
solution may seriously destroy the magnetic Fe;04 cores. In this
work the indirect exposure by fuming H,SO, vapor can well
preserve the stabilities of Fe30,@C microspheres, because much
less H" ions are accessible to the microspheres. As shown in FT-IR
spectra (Fig. S3 in Supporting information), each sample of
Fe;04@C-x-SOsH (x=300-700) exhibits an apparent absorption
peak centered at about 1054 cm~!, which is attributed to the
symmetric stretching vibration of S=0 bonds. Moreover, some
other peaks at 581,1167,1377 and 1415 cm™! can also be observed,
confirming successful graft of SOsH groups on Fe;0,@C

microspheres [20,22-24]. The broad peak at about 1625cm™'
can be assigned to carbon-carbon bonds in graphite, suggesting
partial carbonization of RF layers catalyzed by iron ions. In
addition, no absorption bands about Fe;0,4 are observed, indicating
that FesO,4 cores were well covered by carbon shells even after
high-temperature carbonization and sulfonation treatment of the
core-shell microspheres. Moreover, the magnetic property of the
materials was characterized by using a superconducting quantum
interference device (Fig. S4 in Supporting information). The
Fe;0,4,@C-600-SO3H microspheres showed lower magnetization
saturation value (10.6 emu/g) than Fe30,4 particles (59.9 emu/g),
mainly because coating of RF layers onto Fe;0, and followed
carbonization treatment at 600°C could inevitably reduce the
magnetization saturation value. Even so, the Fe30,@C-600-SOsH
microspheres could be rapidly and completely separated from
liquid under an external magnetic field. Besides, both samples
showed no remanence with a great superparamagnetic ability,
which stemmed from the intrinsic characteristics of magnetite
nanocrystals in Fe3O4 particles [26]. Therefore, the core-shell
Fe;0,4,@C-x-SOsH microspheres with both sulfonic acid groups and
magnetic properties own a promising potential to be used as the
magnetically recyclable solid acid catalysts, which are easily
separated and reused for next-cycle evaluation.

Acid amounts of the magnetic catalysts were determined by a
titration method (Table 1), which increased from 0.59 mmol/g to
1.04 mmol/g at the carbonization temperature ranging from 300 °C
to 600°C. The sequence shows a good relationship with the
graphitization degrees of Fe30,@C microspheres (Fig. 4b), demon-
strating feasible sulfonation and stable graft of SOsH groups on

Fig. 5. (a) Acid-catalyzed acetalization reaction between benzaldehyde and ethylene glycol. (b) Acid amounts and conversions of benzaldehyde on different Fe;0,@C-x-SOsH

catalysts (x =300, 400, 500, 600 and 700).
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Fig. 6. (a) Conversion of benzaldehyde (red line) and selectivity to benzaldehyde ethylene glycol acetal (black line) vs. reaction time on Fe;0,@C-600-SO3H as the catalyst. (b)
Recyclability of Fe30,@C-600-SO5H in acetalization reaction between benzaldehyde and ethylene glycol.

graphitic carbon shells [47]. Although Fe;0,@C-700 showed
comparable graphitization degree with Fe30,@C-600, Fe;0,@C-
700-SOsH exhibited the lowest acid amount (0.43 mmol/g).
Therefore, the number of acid sites was greatly reduced by
decrease of grafted SOsH groups on the surface of carbon shells due
to formation of FesC impurity at the temperature higher than
700°C.

The catalytic performance of the Fe30,@C-x-SOsH catalysts was
tested for the acetalization reaction between benzaldehyde and
ethylene glycol (Fig. 5a), which is a typical acid-catalyzed reaction
for protecting carbonyl groups in multi-procedure organic
synthesis. During the catalysis process, the organic components
in reaction solution were extracted and analyzed by GC-MS to
determine the conversion of benzaldehyde and the selectivity to
the target product of benzaldehyde ethylene glycol acetal. In order
to investigate the beginning of active sites, the catalytic reaction on
Fe;0,@C-600 without sulfonation treatment was studied at first
(Table 1), which showed almost no catalytic activity toward
benzaldehyde conversion, further confirming that the acetaliza-
tion reaction is conducted at the acid sites of sulfonated catalyst.
According to the description above, through controlled carboniza-
tion at different temperatures from 300 °C to 600 °C, the Fe;0,@C
microspheres with tunable graphitization degrees of carbon shells
were chemically grafted with SO3H groups. The obtained Fe;0,@C-
SOsH catalysts showed gradually increased acid amount in the
range of 0.59-1.04 mmol/g, resulting in improved conversion of
benzaldehyde from 49% to 69% for the catalysts of Fe30,@C-x-SOsH
in sequence (x=300, 400, 500, 600) (Table 1 and Fig. 5b). In
addition, the catalyst of Fe;0,@C-700-SOsH presented the lowest
benzaldehyde conversion (31%), corresponding to the lowest acid
amount among all the sulfonic acid-functionalized Fe;0,@C
microspheres. Since Fe;0,@C-600-SOsH possessed superparamag-
netic property, the highest acid amount (1.04 mmol/g) and
catalytic activity in acetalization reaction, its reaction process
and recyclability were studied in detail. The conversion of
benzaldehyde increases with the reaction time, reaching the
maximum value of 69% at 2 h (Fig. 6a), which is higher than the

Table 1

reported values on other acid catalysts [48-51]. For comparison,
the C-600-SOsH without a magnetic core was also studied (Table 1),
in which lower acid amount (0.38 mmol/g) resulted in lower
conversion of benzaldehyde (27%) than any of the Fe30,@C-x-SOsH
catalysts. This is mainly attributed to the structural expansion of RF
and carbon shells by the inner Fe;04 cores in Fe30,@C micro-
spheres, thus providing abundant active sites for further sulfona-
tion. During the reaction, Fe30,@C-600-SOsH always keeps high
selectivity to benzaldehyde ethylene glycol acetal, which gets to
the highest point of 97% at 2 h, suggesting that Fe30,@C-600-SOsH
performs as a superior catalyst for the acetalization reaction. For
the magnetic solid acid catalyst, feasible recyclability is very
important for reusing the catalyst in practical catalytic reaction,
which was evaluated on Fe;0,@C-600-SOsH under the same
conditions. As shown in Fig. 6b, the conversion of benzaldehyde is
quite stable within 9 cycles with a slow decrease from 69% to 64.8%,
revealing the outstanding recyclability of Fe30,@C-600-SOsH only
through a convenient and fast separation under a magnetic field for
successive cycles. All the results above prove that Fe;0,@C-600-
SOsH is a promising magnetically recyclable solid acid catalyst, and
the favorable catalytic properties stem from its novel magnetic
core-shell structure containing rigid carbon shells of high
graphitization degree, superparamagnetic property and a great
number of stably-grafted sulfonic acid groups. The magnetic solid
acid catalyst may also be feasible in catalyzing other similar
acetalization reactions including common reactants such as
formaldehyde, acetone, etc., which further broadens its practical
applications in acid-catalytic reactions.

In conclusion, a versatile interfacial polymerization combined
with a controlled sulfonation treatment strategy was employed for
rational design and synthesis of magnetic core-shell Fe30,@C-x-
SOsH solid acid catalysts. The controllable interfacial polymeriza-
tion between resorcinol and formaldehyde using weak alkaline
ammonia solution facilitated the coating of RF layers in tunable
thickness, and the regulation of graphitization degree of carbon
shells showed a close relationship with the surface acid amounts of
sulfonated microspheres. The core-shell structure showed quite

Total acid amounts of different Fe;0,@C-x-SOsH, C-600-SO5H and Fe;0,@C-600 materials and the conversions of benzaldehyde in the catalyzed acetalization reactions.

Conversion of benzaldehyde (%)

Catalyst Total acid amount (mmol/g)
Fe30,@C-300-SO3H 0.59
Fe;0,@C-400-SO3H 0.67
Fe;0,@C-500-SOsH 0.75
Fe;0,@C-600-SOsH 1.04
Fe;0,@C-700-SO3H 0.43
C-600-SOsH 0.38

Fe30,@C-600
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well thermodynamic stability during carbonization process, and
moderate carbonization temperature realized high graphitization
degree and increased surface acid amounts as well, further
promoting catalytic activities. Among the magnetic core-shell
Fe3;04@C-x-SOsH solid acid catalysts, Fe30,@C-600-SOsH pos-
sessed relatively high conversion (69%) and selectivity (97%) for the
acetalization reaction between benzaldehyde and ethylene glycol.
Moreover, the catalysts showed excellent magnetic recyclability
due to their unique superparamagnetic properties and stability of
grafted sulfuric acid sites. It is expected that such core-shell
magnetic solid acid catalysts can be widely applied in organic
synthesis to realize a green and sustainable chemical process.
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