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Abstract: Using sol-gel method, the iron-containing nanocomposites with the ferric citrate as iron source were synthesized. The
clear sols were gelated at room temperature and then treated at 60 °C in vacuum to get dry gels which were characterized by
thermogravimetric analysis (TG). Finally, mesoporous Fe,03/SiO, nanoparticles were obtained by the calciner at 400 °C for 3 h. The
structure and properties of synthesized particles were investigated by X-ray diffraction (XRD), N, adsorption-desorption technique,
transmission electron microscopy (TEM), Fourier-transform IR spectroscopy (FT-IR), and temperature programmed reduction
(H2-TPR). Results reveal that the iron active centers are incorporated into the silica framework with spherical particles size about 50
nm and an average pore diameter of 3.0~4.5 nm. The catalytic activity of nanocatalysts was tested in the synthesized
diphenylmethane by Friedel-Crafts alkylation reaction. Results show that the catalysts exhibit an excellent activity with 100%
conversion of benzyl chloride and relatively higher selectivity to diphenylmethane, and could be reused multiple times.
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Friedel-Crafts alkylations are the very significant category of
organic reactions %, One of the most important productions
composited by Friedel-Crafts benzylation of benzene with ben-
zyl chloride (BC) is diphenylmethane (DPM), which is com-
monly used as pharmaceutical intermediates and fine chemicals
in the medicine, perfume, pesticide or dye industry . Howev-
er, the traditional homogeneous Lewis acid and protonic acid
catalysts generally applied for such reactions are highly toxic,
corrosive, and difficult to separate and reuse . Hence, it is
highly desirable to replace these catalysts by heterogeneous
solid catalysts which are reproducible and friendly to environ-
ment, and much work has been focused on the synthesis, prop-
erties and applications of heterogeneous catalysts 2.

Fe-containing  nano-mesoporous materials, such as
Fe-M-Mor®!, Fe-MCM-41™, Fe-zSM-5M"1,  Fe-KIT-5!",
Fe-PS-11%1 Fe-FDU-5", have been used in a wide range for
the synthesis of DPM via benzene and BC. Particularly,
Fe,04/SiO, nanocomposites have been of considerable interest
because of their excellent catalytic behavior™*°. Silica shell
is nontoxic and chemically inert and makes no effect on the
redox reaction without blocking the pores®?!. Meanwhile,
the shell-core structure prevents coagulation and forms highly
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separated redox center. So the mesoporous catalyst exhibits
outstanding catalytic activity due to its isolated Fe®" active
sites on the silica framework and the Fe,O; nanoclusters in the
channel ©** 1 sol-gel method is one of the frequently-used
approaches to synthesize Fe-Si compound materials. Through
this method, Fe,04/SiO, nanopaticles with high porosity, high
specific surface area, and highly uniform particle size and
morphology can be prepared ?*%!, Whereas, it is well-known
that Fe,O3 phase obtained by sol-gel method is often affected
by a wide range of experiment conditions, including nature of
solvents (water, ethanol, etc), the chemical composition and
ratios of the precursors, and temperature of gelatin and ther-
mal treatment, etc 273,

In this work, Fe,O3/SiO, mesoporous nanopaticles with
different Si/Fe ratios were synthesized via sol-gel method. We
compared their structural characterizations and discussed their
catalytic performance in the benzylation of benzene with
benzyl chloride.

1 Experiment

1.1 Preparation of catalysts
The following chemicals were analytical reagents, and were
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used without further purification: citric acid (CgHgO; H,0,
99.5%), ferric citrate (CgHsO;Fe xH,O, Fe 16.5~18.5%), ethyl
orthosilicate (TEOS, CgH100.Si, 98%), ethanol (CsHsOH, 99.7%),
benzene (CgHg, 99.5%), benzyl chloride (C;H-CI, 99.5%).

The synthesis procedure of Fe,05/SiO, nanocomposites
with different ngi/ne, ratios is as follows. 4 g of ferric citrate
and 6 g of citric acid (adjust pH value) were dissolved in 20
mL H,O by constantly stirring for 6.5 h at 60 °C. The above
solution was then added dropwise into 40 mL mixture of
TEOS and ethanol to obtain clear sols and gels via continued
stirring at room temperature. Finally, the dry gels treated by
vacuum at 60 °C, were calcined at 400 °C in air for 3 h. The
resultant Fe,0,/SiO, samples were named as A~E (Table 1).
1.2 Characterization of catalysts

The pyrolysis process of the dry gels was characterized by
Thermogravimetric Analysis instruments (SDT Q600, TA
USA) with a heating rate of 5 °C/min in air. The crystal struc-
ture of samples was analyzed by Powder X-ray diffraction
(XRD, DX-2700, Dandong Haoyuan Instrument Co., LTD
China) with Cu Ko radiation at 40 kV and 30 mA. N, adsorp-
tion-desorption  isotherms  were measured using a
Micromeritics (ASAP 2020, USA). The specific surface areas
were obtained using the Brunaure-Emmett-Teller (BET)
method, whereas the pore volumes and pore size distributions
were estimated from the desorption branches of isotherms us-
ing the Barrett-Joyner-Halenda (BJH) model. The morphology
of the catalysts was investigated via Transmission Electron
Microscopy (TEM, JM-2100, Japan) operated at 200 kV. The
Fourier-transform infrared (FTIR) spectra of Fe-Si materials
was obtained by the spectrometer (Tensor 27, Bruker Germa-
ny) in the range of 400~2000 cm™. Hydrogen temperature
programmed reduction (H,-TPR) spectra were recorded on
Catalyst Analyzer (BELCAT-B, Japan) equipped with a Ther-
mal Conductivity Detector (TCD).

1.3 Catalytic property of catalysts

Friedel-Crafts benzylation of benzene reaction with benzyl
chloride to synthesize diphenylmethane was chosen to evaluate
the catalytic activity of Fe,05/SiO, samples. The reactions were
totally performed in a 100 mL three-necked round-bottomed
flask, which was equipped with a reflux condenser and heated
in a precisely controlled oil bath in the magnetically stirred mode.
In a typical process, 30 mL benzene and a certain amount of cat-
alysts were added into the flask and stirred at 50 °C for 10 min at
a moderate speed, and then 3 mL BC was added by drop and

Table 1 Textural parameters of catalysts with different nsi/nge

ratios
Sample  nsinge  Seer/m’ gt Viem®g'  Dew/nm
A 3 350.87 0.44 4.281
B 5 608.75 0.66 4.329
C 8 768.43 0.70 3.442
D 10 719.79 0.65 3.188
E 13 657.76 0.56 3.070

all the reaction mixtures were heated to 75 °C and kept for sev-
eral hours under vigorously stirring. After cooling to room tem-
perature, the liquid samples were withdrawn and analyzed by a
FID gas chromatography (GC-1690). The solid catalysts were
separated by filtering, washed by ethanol and then calcined at
400 °C for 3 h to reuse.

2 Results and Discussion

2.1 Structure characterization of catalysts

TG curves of the dry gels with different ng/ng, ratios are
shown in Fig.1, which show an obvious three-step mass loss.
The first slight slope occurs before 100 °C because of the loss
of the adsorbed water. The second sharp slope of the mass loss
appears from about 150 °C to 230 °C mainly for the
thermolysis of ferric citrate. Finally, the third steep slope of
the mass loss from 230 °C to 400 °C indicates the formation of
the iron oxide. All dry gels were calcined at 400 °C to obtain
Fe,O4/Si0O, nanocomposites according to the results of TG
XRD patterns of the samples with different TEOS contents are
presented in Fig.2. It only presents a peak in the 26 region of
15230< which belongs to amorphous silica phase, and the
slightly incisive silica peak changes into broad accompanying
the added iron. And no other phases, especially the characteris-
tic reflection peaks of Fe,O; are observed in all the patterns,
which indicates the introduced iron is highly dispersed in SiO,
matrix.
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Fig.1 TG curves of dry gels with different nsi/nge ratios
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Fig.2 XRD patterns of Fe,O3/SiO, samples with different TEOS
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Fig.3 shows N, adsorption-desorption isotherms and BJH
pore size distributions of Fe-Si composite materials and the
corresponding textural parameters are summarized in Table 1.
All the samples display a type 1V isotherm with a sharp capil-
lary condensation steep and H1-type hysteresis loop at a rela-
tive pressure of 0.45~0.85, which is associated with the pres-
ence of mesoporous structure. The height of capillary conden-
sation step increases and hysteresis loop becomes broad with
decreasing ngi/ng ratio from 13 to 8, suggesting that iron in-
corporation helps to improve the texture. The significant in-
crease of the specific surface area, pore volume of catalysts
confirms the conclusion. However, all the textural parameters,
except for the pore size, decrease upon the continuingly in-
creased iron contents. This can be interpreted that the compo-
sites contain iron species which are linked with the silica
framework to destroy the mesoporous structure or which stay
inside the nanochannels as the oxide forms to occupy the pore
surface™ 3", Along with decreasing ns/n. ratio, the pore di-
ameter obviously increases but the pore size distribution turns
a uniform and narrow range into a wide. It indicates that the
incorporated iron species enhancing the channels and simul-
taneously disrupting the framework lead to the inhomogene-
ous particles, which is in close agreement with the XRD pat-
terns of SiO,. The morphology of the Fe,03/SiO,
nanocomposites which were characterized by TEM is shown
in Fig.4. The particles fabricated by sol-gel method have
nearly spherical morphology and the average particle size is
about 50 nm. Nanopores of less than 5 nm are randomly dis-
tributed inside of Fe,0,/SiO, nanoparticles, which is in
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Fig.3 N adsorption-desorption isotherms (a) and BJH pore size dis-
tribution (b) of Fe-Si composite materials
results of the N, adsorption isotherm.

FT-IR analysis is used to measure the presence of chemical
bonds in the materials and the spectra of prepared samples A
to E are shown in Fig.5. The absorption bands at around 800
and 1100 cm™ are attributed to the bending vibrations of Si-O
and Si-O-Si stretching vibrations, which verify the formation
of the silica shell I Wwhile the low frequency peaks at
about 460 cm™ are assigned to the bending vibrations of Fe-O
groups from Fe,0;, whose transmittance intensity weakens
with the increasing of TEOS in initial solution®!. Meanwhile,
temperature programmed reduction of all the catalysts demon-
strates a significant uptake of H, as shown in Fig.5. The re-
duction profile observed at 300~500 °C is identified as the re-
duction of octahedral coordinated iron species ™, and it in-
creases and shifts to the higher temperature with the increas-
ing Fe contents due to the strong bond-force between incor-
porated irons and silica supporter.

2.2 Catalytic activity

To evaluate the catalytic activity of Fe,04/SiO, samples with
different Si/Fe ratios, the Friedel-Crafts benzelyation of benzene
with BC was investigated as a probe reaction. All the reactions
were carried out under the conditions of Nyenzenesc VOlume ratio
of 10 and 0.5 g of catalysts at 75 °C for 1 h to ensure the maxi-
mum of reaction and the results are listed in Table 2. Among the
Fe-Si catalysts studied, it can be found that all the samples
achieve 100% conversion of BC within 1 h. It also shows that
the selectivity of DPM is higher than 89% and increases to 95%
with decreasing the ratio of ng/ng, from 13 to 8. However, the
selectivity decreases along with continuingly increasing relative
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Fig.4 TEM images of the Fe,03/SiO, nanocomposites
contents of iron since a lot of Fe species block or collapse the
nanochannels.

The catalytic performance of sample C according to the reac-
tion time is shown in Fig.6. This catalyst has a very short reac-
tion induction period and rapidly reaches complete BC conver-
sion. The selectivity of DPM is also more than 94% within 15
min with a slight reduction after 50 min because of the for-
mation of few accessory products. Compared to other reported
catalysts, such as Fe-Mor™, and 2.5-Fez™, our samples still
present higher BC conversion and DPM selectivity and much
shorter reaction time, which contributes to not only the highly
dispersed iron active sites, but also the enhanced pore channels
leading to sufficient accessibility of the active centers to the re-
actants and the successful diffusion of resultants. Furthermore,
the catalyst C is recovered via washing thoroughly by ethanol,
drying at 100 °C overnight and calcining again at 400 °C for 3 h,
and tested for the next three runs. There is no significant loss in
the catalytic performances with nearly 100% conversion and
more than 90% selectivity even after three time cycles.
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Fig.5 FTIR spectra (a) and TPR curves (b) of catalysts with

different nsi/ng. ratios

Table 2 Benzylation of benzene with benzyl chloride using
different catalysts

Catalyst Time/min  BC conversion/% DPM selectivity/%
A 60 100 90
B 60 100 94
C 60 100 95
D 60 100 92

E 60 100 89
Conditions: benzene = 30 mL, BC = 3 mL, temperature =75 °C
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Fig.6 Conversion of BC and selectivity of DPM with different reac-
tion time at 75 °C (Vhenzene/Vec =10:1, 0.5 g catalyst)

3 Conclusions

1) Fe-incorporated mesostructure composites, nano-Fe,Os;
/SiO, has been successfully synthesized via sol-gel method.

2) By the XRD, N, adsorption-desorption and H,-TPR
techniques, the existence of highly dispersed framework Fe**
species is confirmed, and the presence of oxide without ag-
gregation is evidenced via N, adsorption-desorption, TEM and
FT-IR measurements.

3) Fe,04/Si0O, nanoparticles possess excellent catalytic per-
formance in the synthesis of DPM by the benzelyation of
benzene with benzyl chloride. A complete conversion of BC
and more than 94% selectivity of DPM are obtained within 15
min over samples C. Moreover, the catalyst can be reused
several times without significant loss of the catalytic activity.
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