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synthesis†
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A specific microwave effect on the Sn- and Ti-MFI zeolite synthesis is exactly demonstrated by separating it

from thermal effects through using Pyrex and SiC reaction vessels. Different from the reported conventional

thermal effect on the organic reactions, this finding is of great significance to further investigate the

microwave effect.
Since microwave energy was used to heat organic reactions in
1986,1–3 the advantages of this efficient heating tool have been
exploited in the eld of organic synthesis, medical chemistry,
polymer chemistry, nanostructured material and microporous
material synthesis.4–8 In most cases, microwave heating has
been shown to dramatically reduce processing time, increase
product yield, and enhance product purity or materials prop-
erties compared with the conventional heating mode. The
observed improvement of chemical reaction or materials
synthesis have oen led to speculations about the so-called
“specic” or “nonthermal” microwave effect that results from
a proposed direct interaction between the electromagnetic eld
and specic molecules in the reactionmedium. However, so far,
more and more experiments assigned this effect to inaccurate
temperature measurement, inadequate stirring, imprecise
comparisons of microwave irradiation and conventional heat-
ing.9–11 Aer more than a decade of intense research, Kappe
et al. designed a clever experiment to separate specic and
nonthermal effects from pure thermal effect. They used
a strongly microwave-absorbing material silicon carbide (SiC)
reaction vessel in which any effects of the electromagnetic eld
on the reaction mixture can be eliminated.12–14 The SiC vessel
can also be heated simultaneously, together with a single mode
microwave reactor equipped with an external infrared (IR) and
an internal ber-optic (FO) probes for accurate temperature
monitoring.15 Applied to many organic reactions, however, they
proposed that only bulk temperature effects were responsible
for the rate enhancement in the eld of organic reactions.16,17
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However, the nding of specic/nonthermal microwave effect is
still highly desired because of the fact that microwave heating is
carried out by direct interaction between the electromagnetic
eld and polar molecules, and different dipolar molecules
possess different abilities of converting electromagnetic energy
into heat.18–20

The isomorphous substitution of heteroatoms for Si in the
zeolite framework is an important process because it allows the
ne tuning of their properties. For the microwave assistant
synthesis of heteroatom zeolites, Cundy et al. did pioneering
works including TS-1 and TS-2 synthesis.21 Moreover, micro-
wave irradiation has been reported to be responsible for the
synthesis of heteroatom zeolite with special morphologies,22

which is assigned to the dipole moment strength of the surface
M–O bonds. However, indicated by Kappe,10,11 inaccurate
comparison oen led to misinterpretation of results. In this
work, we rigorously investigate the synthetic processes of Sn-
and Ti-MFI zeolites as well as resultant texture properties
monitored by using SiC vessel and accurate temperature
measurement. By simply switching from a standard microwave
transparent borosilicate glass (Pyrex) to a strongly microwave
absorbing SiC vial, effects of the electromagnetic eld on the
reaction mixture could be minimized, therefore allowing to
distinguish the specic microwave effect from the thermal one.
Under this precise comparison, the different crystallization
rates, existences of heteroatom in the framework, as well as
catalytic performances of the resulting products obtained in two
vessels denitely demonstrated the specic microwave effect on
the heteroatom zeolite preparation. We also assign this effect to
the selective activation of microwave on polar Sn–O and Ti–O
bonds.

To avoid the interference of thermal and other factors, we
adopted the same experimental conditions as Kappe, that is,
microwave transparent Pyrex vessel and strong microwave-
absorbing SiC vessel as well as a dedicated single-mode
microwave reactor equipped with the external IR and the
internal FO probes under magnetic stirring. Before comparing,
heating rate of Pyrex and SiC vessels should also be guaranteed
basically the same. According to the synthetic process of
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Variation of particle diameter as a function of crystallization
time of Sn-MFI (a) and Ti-MFI (b) zeolites prepared under microwave
irradiation in Pyrex and SiC systems (the time interval before 0 at the x
axis represents that of the microwave pre-treatment at 80 �C for
90 min, whereas that after 0 represents the microwave treatment time
at different temperatures). FESEM images of Sn- and Ti-MFI synthe-
sized in Pyrex (c, d) and SiC (e, f) vessels, respectively (high temperature
zone: 170 �C). The average particle size and Si/M ratios of corre-
sponding products are shown in the insets, which are obtained based
on their FESEM images and energy dispersive X-ray (EDX) data,
respectively.
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heteroatom MFI zeolite (Experimental section, ESI†), the
temperature of 80 �C and 170 �C are dened as low temperature
zone and high temperature zone, respectively. As shown in
Fig. 1 and S1 (ESI†), the rise rate of internal FO temperature is
faster than external IR temperature in the Pyrex vessel system,
whereas the former is slower than the latter in the SiC vessel. As
illustrated in Fig. 1c and f, the reaction mixture directly absorbs
the microwave in Pyrex vessel, and then the heat generates and
conducts to the outside wall. Therefore, it will take some time
for the vessel to be warmed “from the inside”. On the contrary,
in the SiC vessel, SiC converts the completely absorbed micro-
wave into heat and then conduct inside, leading to the delayed
response of FO probe. However, the ramping time of reaction
system in Pyrex and SiC vessels are basically the same whether
in low or high temperature zone (Table S1, ESI†). Furthermore,
the specic experiment parameters are depicted in Fig. S2
(ESI†), which shows the stable reaction process. All above
conrm that the investigation can be operated in parallel in the
dedicated microwave reactor equipped with FO probe and the
two vessels.

The synthesis processes of Sn- and Ti-MFI zeolites in two
vessels are monitored by an approximate in situ dynamic light
scattering (DLS) measurement. The effective diameters of as-
prepared zeolites at different crystallization time are obtained
from number-weighted particle size distribution. Variations of
particle diameter as a function of crystallization time of Sn- and
Ti-MFI are shown in Fig. 2 (termed as growth curves). Clearly,
there is a sudden pronounced rise in particle diameter observed
in each curve. We regard the time before the inection point as
nucleation period, and that aer the inection point as crystal
growth period. In detail, Sn-MFI zeolites in two vessels experi-
ence a long nucleation period and a slow growth process to
achieve their stable sizes (Fig. 2a). However, the nucleation and
growth of Sn-MFI in SiC vessel are slower than those in Pyrex
vessel. Moreover, the nal stable size of the product in Pyrex is
Fig. 1 Temperature (TIR, TFO) and power (P) profiles in the ramping
phase recorded for the reaction system for Ti-MFI in the Pyrex ((a) from
room temperature to 80 �C, (b) from 80 �C to 170 �C) and SiC vessel
((d) from room temperature to 80 �C, (e) from 80 �C to 170 �C),
respectively, heated with microwave under sealed-vessel conditions in
the Monowave 300 reactor. Schematic diagram of heat transfer mode
in Pyrex (c) and SiC (f) vessels (the vial photos show in the insets, and
the red colour and blue colour denote high and low temperature,
respectively).

This journal is © The Royal Society of Chemistry 2017
much larger than that in SiC. Although Ti-MFI zeolites, by
contrast, display a comparatively quick nucleation period and
growth rate to reach their stable sizes, the average size of Ti-MFI
obtained in Pyrex is also bigger than the one in SiC nally
(Fig. 2b). Moreover, this difference of crystallization rate and
nal particle size between reaction vessels exists at different
crystallization temperatures (Fig. 2a and b). Furthermore, the
size differences between two vessels can be further conrmed
by their average solid sizes calculated by a size-calculated so-
ware on the basis of eld emission scanning electron micro-
scope (FESEM) images (Fig. 2c–f), although they are slightly
smaller than those in the solution. These results imply that the
direct interaction between the electromagnetic eld and reac-
tion medium, except for its thermal effect, possesses positive
inuence on the preparation process of Sn- and Ti-MFI zeolites.

However, it is worthy to note that when no any heteroatom
(Sn or Ti) species is added during MFI zeolite synthesis, nearly
no difference between two synthesis systems can be observed
even if the crystallization temperature is decreased to 130 �C
(Fig. 3). Therefore, we deduce that this microwave effect is
derived from the interaction between microwave eld and
heteroatom species. Moreover, taking microwave heating prin-
ciple and previous reports into consideration,17,24 we assign this
effect to the microwave selective heating for Sn–O and Ti–O
RSC Adv., 2017, 7, 35252–35256 | 35253
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Fig. 3 Crystal growth curves of silicalite-1 in Pyrex and SiC vessels
synthesized at different temperatures.

Fig. 4 XPS spectra (a, b) and H2-TPR spectra (c, d) of Sn-MFI (a, c) and
Ti-MFI (b, d) zeolites prepared in Pyrex and SiC systems.
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bonds. In the microwave eld, different dipolar molecules or
bonds possess different wave-absorption abilities. The dipole
moment of M–O bond can be denoted by the electronegativity
differences (Dc) between M and O atoms. Therefore, the polar
Sn–O (Dc¼ 1.78) and Ti–O (Dc¼ 2.18) bonds with bigger dipole
moment possess stronger wave-absorption abilities than Si–O
(Dc ¼ 1.76) bond in the microwave eld, causing the localized
high temperature around Sn–O and Ti–O bonds. Consequently,
microwave eld can selectively heat and activate the Sn–O and
Ti–O bonds in the synthetic gel, solidly promoting their
substitution and inuencing their state in the zeolite frame-
work. When no heteroatom is added, this specic microwave
effect disappears accordingly. These results mean that different
from thermal effect, the specic microwave effect is not
a general rule, and it only selectively exists in some suitable
system where the inuence of electromagnetic eld can be
accumulated.

Besides, as-prepared Sn-MFI and Ti-MFI zeolites obtained
under two reaction vessels are further characterized to study the
difference between two heatingmodes. Herein, M-MFI prepared
in Pyrex and SiC vessels are denoted asM-MFI-Pyrex andM-MFI-
SiC, respectively. X-ray diffraction (XRD) patterns (Fig. S3, ESI†)
conrm their typical MFI framework without impurity phase.
However, compared with the Sn-MFI-Pyrex sample, Sn-MFI-SiC
displays a lower crystallinity of 94%. Similarly, compared with
the Ti-MFI-Pyrex, Ti-MFI-SiC shows a lower crystallinity of 96%.
The diffuse reectance (DR) UV-Vis spectra of them show the
bands within the range of 203–211 nm (Fig. S4, ESI†), implying
the existence of tetrahedral Sn or Ti species in the MFI frame-
work.23–25 These results collectively indicate that the Sn and Ti
species can be substituted into theMFI framework in both Pyrex
and SiC vessels. However, the X-ray photoelectron spectroscopy
(XPS) results of samples obtained in two reaction vessels, rep-
resenting existence and surface local state of heteroatom in the
zeolite framework, exhibit a difference (Fig. 4). The binding
energy (BE) of Sn-MFI-Pyrex in the Sn 3d region are 496.2 and
487.6 eV, which are ascribed to 3d3/2 and 3d5/2 photoelectrons of
tetrahedrally coordinated framework Sn species.26,27 However,
the corresponding BEs (496.0 and 487.2 eV) of Sn-MFI-SiC are
lower than those of Sn-MFI-Pyrex, demonstrating stronger
covalent bond of Sn–O–Si in Sn-MFI-Pyrex zeolite.27 Similarly,
35254 | RSC Adv., 2017, 7, 35252–35256
the BE of Ti 2p3/2 in Ti-MFI-Pyrex (460.3 eV) is also higher than
that of Ti-MFI-SiC (460.1 eV).

Furthermore, different reduction temperatures between Sn-
MFI-Pyrex and Sn-MFI-SiC, as well as Ti-MFI-Pyrex and Ti-
MFI-SiC are clearly observed in temperature-programmed
reduction by hydrogen (H2-TPR). The results of TPR data in
Fig. 4c and d indicate that Sn- and Ti-MFI-Pyrex zeolites require
higher temperature than those prepared in SiC. Therefore,
taking their comparable heteroatom amounts in M-MFI zeolites
prepared under the two reaction systems into consideration
(Fig. 2c–f), the offsets of the reduction peaks indicate their more
stable heteroatom framework states in the zeolites.28 These
further illustrate that electromagnetic eld displays a direct
inuence on the heteroatom zeolite synthesis, not only the
crystallization rate and particle size but also product property.

Additionally, the great difference between the resultant M-
MFI-Pyrex and M-MFI-SiC zeolites on the catalytic perfor-
mance further demonstrate the importance of this specic
microwave effect. It is well known that Sn-containing zeolite
appears to be active in the Meerwein–Ponndorf–Verley (MPV)
reduction.29,30 Herein, the MPV reduction of furfural (FUR) in
isopropanol is selected as probe reaction to evaluate the cata-
lytic activity of Sn-MFI zeolites prepared in Pyrex and SiC vessels
(Fig. 5a). As shown in Fig. 5a, the conversion of FUR catalysed by
Sn-MFI-Pyrex is clearly higher than that catalysed by Sn-MFI-
SiC. In detail, more than 64% conversion of FUR can be
reached on Sn-MFI-Pyrex catalyst within 5 h. In this case, turn
over frequency (TOF) number is as high as 9.8 h�1 by consid-
ering Sn as the only active sites. However, only 53% of conver-
sion and TOF of 6.8 h�1 are achieved on Sn-MFI-SiC within the
same time, moreover, during the experiments, it is found that
the further etherication of reduced furfuryl alcohol (FOL)
occurs with the MPV reduction of FUR, and selectivity of
i-propyl-furfuryl ether (PFE) increases with reaction time
whereas that of FOL decreases (Fig. 5a). The higher catalytic
activity of Sn-MFI-Pyrex can be assigned to larger micropore
area (Fig. S5a, b and Table S2, ESI†), slightly stronger Lewis
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Conversion of furfural and selectivity of i-propyl-furfuryl
ether in the reactions with Sn-MFI-Pyrex and Sn-MFI-SiC catalysts.
Reaction conditions: 1 mmol furfural, 100 mmol isopropanol, 100 mg
catalyst, at 100 �C; (b) conversion of styrene oxide and selectivity of 2-
methoxy-2-phenylethanol in the reactions with Ti-MFI-Pyrex and Ti-
MFI-SiC catalysts. Reaction conditions: 1 mmol styrene oxide,
60 mmol methanol, 20 mg catalyst, at 80 �C.
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acidity (Fig. S6a and Table S2, ESI†) and its effective heteroatom
sites (Fig. 4).

Besides, ring-opening of epoxide reaction is employed to
evaluate the catalytic activity of Ti-MFI zeolites prepared by two
vessels.31 The conversion of styrene oxide (SO) catalysed by Ti-
MFI-Pyrex is clearly higher than that catalysed by Ti-MFI-SiC
(Fig. 5b). In detail, 92% and 84% of SO conversions were
reached on Ti-MFI-Pyrex and Ti-MFI-SiC catalysts within 2 h,
respectively. Moreover, Ti-MFI-Pyrex also possesses a higher TOF
number (202.7 h�1) than Ti-MFI-SiC (165.8 h�1). The main
products are phenyl acetaldehyde (PAL) and 2-methoxy-2-
phenylethanol, and the selectivity of 2-methoxy-2-phenylethanol
increases with the prolonging reaction time (Fig. 5b). Because
there is little difference of textural properties between Ti-MFI-
Pyrex and Ti-MFI-SiC (Fig. S5c, d and Table S2, ESI†), the
higher catalytic activity of Ti-MFI-Pyrex can be assigned to its
more stable and effective heteroatom framework sites (Fig. 4),
and higher Lewis acidity (Fig. S6b and Table S2, ESI†) than
This journal is © The Royal Society of Chemistry 2017
Ti-MFI-SiC. These catalytic results further demonstrate the exis-
tence of the specic microwave effect on the heteroatom zeolite
synthesis as well as its important and positive inuence on
heteroatom sites in the zeolite framework.
Conclusions

In summary, transparent Pyrex and strongly microwave-
absorbed SiC vessels are utilized to separate specic/
nonthermal microwave effect from the thermal one during the
synthesis of Sn- and Ti-MFI zeolites. Aer accurately comparing
the differences of Sn- and Ti-MFI prepared in two systems, it
concluded that there is specic microwave effect during the
synthesis of Sn- and Ti-MFI zeolites, produced by selective
activation on the M–O bonds, which not only denitely exists
but also has a positive effect on the substitution of heteroatom
in the zeolite framework and their catalytic performances,
which is very signicant for further investigating some micro-
wave effects in the future.
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