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Nitrogen-containing MgO-MCM-41 solid base material is prepared by nitridation of MgO-loaded meso-
porous MCM-41. The ordered mesoporous structure and high surface area of MCM-41 are well preserved
after MgO impregnation and nitridation, as proved by the XRD, TEM and nitrogen adsorption/desorption
analysis. FTIR spectra the bridging -NH- groups and terminal -NH, groups are incorporated into the
framework of MgO-MCM-41 by nitridation, and the base strength is expected to be enhanced due to
the replacement of oxygen by nitrogen with lower electronegativity. FTIR spectra with the adsorption

Keywords: of different probe molecules, e.g. CO, CDsCN and '3CO,, are employed for the characterization of surface
MgO-MCM-41 . . . . . . e

Nitridation acidic-basic properties of MgO-MCM-41 before and after nitridation. It is revealed that the acidic hydrox-
Basicity yls in MgO-MCM-41 are greatly reduced through nitridation process. Compared with MgO-MCM-41, the

Base-catalyzed reaction nitridized MgO-MCM-41 material exhibits improved basic catalytic performances in Knoevenagel con-

densation reaction, Claisen-Schmidt reaction and dehydrogenation reaction of 2-propanol.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The replacement of liquid bases by solid bases as catalysts has
attracted much attention due to the easy separation from the prod-
ucts, as well as possible regeneration and reuse [1]. Solid base
materials can exhibit good activities and high selectivity in many
base-catalyzed reactions, with the advantages of being noncorro-
sive and environmentally friendly [2]. A number of materials have
been reported to act as solid base catalysts, including but not lim-
ited to single component metal oxides, zeolites, supported alkali
metal ions and clay minerals [3]. However, the search of promising
solid bases that can catalyze reactions with high activities and
selectivity is still an ongoing process.

Mesoporous molecular sieves, such as MCM-41 and SBA-15,
may serve as idea supports for solid bases due to their tunable
large pores and high surface areas [4]. It has been reported that
template-containing mesoporous molecular sieves, e.g. MCM-41
and MCM-48, show peculiar basicity due to the presence of siloxy
anions and CTA" cations [5]. These materials exhibit good activity
in base-catalyzed reactions at relatively low temperatures though
the partial leaching of organic cations is observed at the beginning
of reaction [6]. Generally, alkaline-earth metal oxides, e.g. MgO,
CaO and BaO, can be deposited on mesoporous molecular sieves
to prepare supported solid bases with high surface area and good
stability [7-11]. While the base strength of alkaline-earth metal
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oxides may decrease due to the interaction between alkaline-earth
metal oxides and the mesoporous supports. Moreover, the abun-
dant surface hydroxyls of mesoporous supports will bring many
by-products in base-catalyzed reactions.

Recently, nitridation has been employed as an effective method to
prepare basic mesoporous catalytic materials. The oxygen atoms of
framework are replaced to some level by certain isoelectronic
groups, e.g. -NH- species. The Lewis basicity is enhanced due to
the lower electronegativity of nitrogen with respect to oxygen [12].
The porous structures and high specific surface areas of parent mate-
rials can be well preserved after nitridation under proper conditions.
Various nitrogen-incorporated mesoporous molecular sieves, e.g.
FSM-16 [13], MCM-41 [14-16], SBA-15 [17,18] and MCM-48
[19,20], have been successfully prepared. However, the application
of nitrogen-incorporated mesoporous molecular sieves is confined
to Knoevenagel condensation reaction, a typical base-catalyzed
probe reaction. The basicity of nitridized mesoporous molecular
sieves is not strong enough for most other base-catalyzed reactions.

In this work, promising strong solid base catalysts are prepared
by nitridation of MgO-loaded mesoporous MCM-41. The base
strength of as-prepared materials is enhanced by nitridation to
some extent, while the surface hydroxyls of mesoporous MCM-
41 are replaced by terminal -NH, groups [21]. FTIR spectra with
different probe molecules are employed to analyze the physico-
chemical properties of as-prepared materials. Several typical
base-catalyzed reactions, e.g. Knoevenagel condensation reaction,
Claisen-Schmidt reaction and conversion of 2-propanol, are
employed for the evaluation of basicity of as-prepared materials.
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2. Experiment
2.1. Catalysts preparation

All-silica MCM-41 was synthesized according to the literature
report [22] and MgO-MCM-41 was prepared by wet impregnation
using MCM-41 as support. Typically, a mixture containing 2.0 g of
calcined all-silica MCM-41, 1.2g of Mg(CH3C00),-4H,0 and
100 ml of deionized water were mixed and stirred at room temper-
ature for 4 h. The sample was dried at 80 °C for 12 h, calcined at
550 °C for 4 h and labeled as MgO-MCM-41.

For the nitridation of MgO-MCM-41, 1.0g of as-prepared
MgO-MCM-41 was placed in a quartz boat and treated with NH3
flow (99.0% purity) at 800 °C for 12 h. The NH; flow rate was
400 ml/min and the heating rate was 2 °C/min. The material after
nitridation was labeled as MgO-MCM-41-N. The total nitrogen
content in MgO-MCM-41-N is determined to be 4.68 wt.% by CHN
analysis and the Mg content is determined to be 5.32% by ICP
analysis.

2.2. Catalysts characterization

Powder X-ray diffraction patterns of samples were collected on
a D/Max-2500 powder diffractometer (36 kV and 20 mA) using
Cu-Kot (4= 1.54178 A) radiation.

Nitrogen adsorption/desorption measurements of samples were
performed at —196 °C on a NOVA 1000e (Quantachrome Instru-
ments) after outgassing at 300 °C under vacuum for 12 h.

Transmission electron microscopy (TEM) images were taken on
a Philips Tecnai G? 20 S-TWIN electron microscope at an accelerate
voltage of 200 kV. A few drops of alcohol suspension containing the
sample were placed on a carbon-coated copper grid, followed by
evaporation at ambient temperature.

FTIR spectra of the samples were measured on a Bruker Tensor
27 spectrometer with a liquid N, cooled high sensitivity MCT
detector. FTIR spectra with probe adsorption (CO, CDsCN or CO,)
were performed on the spectrometer using a reaction chamber
connected to a vacuum adsorption system with a base pressure be-
low 1073 Pa. The self-supporting wafers of samples (ca. 20 mg)
were pretreated in oxygen at 300 °C and then evacuated at the
same temperature to remove contaminations and adsorbed water.
After cooling to room temperature in vacuum, the samples were
exposed to probe molecular at room temperature and FTIR spectra
were recorded with 128 single beam spectra co-added at a resolu-

tion of 4 cm™ .

2.3. Catalytic activity evaluation

The as-prepared materials were evaluated as catalysts for
Knoevenagel condensation reaction, Claisen-Schmidt reaction
and dehydrogenation reaction of 2-propanol.

Knoevenagel condensation reaction: benzaldehyde (40.0 mmol),
malononitrile (40.0 mmol) and toluene (10.0 ml) were mixed in a
three-necked bottom flask with a condenser system. The mixture
heated to the temperature of 80 °C in a water bath under stirring,
0.15 g of catalyst was then added into the flask. The progress of the
reaction was monitored by periodically withdrawing 0.2 pl of li-
quid samples with a filtering syringe. The reactants and products
were analyzed by GC-7890F gas chromatograph equipped with a
FID and a 0.20 mm x 50 m FFAP capillary column.

Claisen-Schmidt reaction: benzaldehyde (2.5 mmol), acetophe-
none (3.0 mmol) and toluene (3.0 ml) were mixed in a three-
necked bottom flask with a condenser system. The mixture heated
to the temperature of 80 °C in a water bath under stirring, 0.15 g of
catalyst was then added into the flask. The progress of the reaction

was monitored by periodically withdrawing 0.2 pl of liquid
samples with a filtering syringe. The reactants and products were
analyzed by GC-7890F gas chromatograph equipped with a FID
and a 0.20 mm x 50 m FFAP capillary column.

Dehydrogenation reaction of 2-propanol: the reaction was carried
out on a fixed-bed microreactor at atmospheric pressure. About
0.2 g of the catalyst (mesh of 20-40) was placed in the isothermal
region of the reactor. 2-Propanol was fed into the reactor by a syr-
inge infusion pump at the flow rate of 0.4 ml/h. The reactor was
heated to the desired temperature. After reaction for 1 h, the prod-
uct was analyzed on line by a SP-502 gas chromatograph, equipped
with a FID and a 4 mm x 3 m packed column.

3. Results and discussion
3.1. Physico-chemical properties of samples

The X-ray diffraction patterns of MgO-MCM-41 before and after
nitridation are presented in Fig. 1. For MgO-MCM-41, an intense
(1 00) diffraction peak (20 = 2.1°), together with weak (1 1 0) dif-
fraction peak (20=3.6°) and weak (200) diffraction peak
(20 =4.2°), is clearly observed, corresponding to the characteristic
MCM-41 structure. After nitridation at 800 °C, the intensities of
(110)and (2 00) peaks decrease a little. The characteristic hexag-
onal structures of MCM-41 are well preserved in MgO-MCM-41
after nitridation. It is also seen that no peaks corresponding to
MgO species can be observed on the XRD patterns of MgO-MCM-
41 and MgO-MCM-41-N, indicating a good dispersion of MgO spe-
cies on MCM-41 support.

Fig. 2 shows the N, adsorption-desorption isotherms of MCM-
41, MgO-MCM-41 and MgO-MCM-41-N. All samples exhibit type
IV adsorption curves, which are characteristic of mesoporous
materials [23]. The hysteresis loop in the region of P/P, above 0.4
is observed and such hysteresis should be assigned to the capillary
condensation in the mesopores [24]. The highly ordered mesopor-
ous structure of MCM-41 is preserved after loading of MgO and
nitridation. While the partially block of mesopores in MgO-MCM-
41 and MgO-MCM-41-N can be deduced by comparison between
the BJH plots obtained from the desorption branch and those from
the adsorption branch [25,26]. The textural properties of samples
derived from N, sorption isotherms are summarized in Table 1. It
is seen that the BET surface area and pore volume of MCM-41 de-
crease distinctly after loading of MgO. While the average pore size
of MCM-41 increases slightly due to the expanding of mesoporos-
ity of MCM-41 by the gas produced from calcination of precursor
Mg(CH3C00),-4H,0. After nitridation, the BET surface area and
pore volume further decreases, probably due to the aggregation
of MgO during nitridation process at elevated temperature. Never-
theless, the ordered mesoporous structure of parent MCM-41 are
preserved after loading of MgO and nitridation, as supported by
the XRD patterns and TEM observations (Fig. 3).

FTIR spectroscopy is frequently used to determine the surface
groups formed by nitridation [27] and the FTIR spectra of MgO-
MCM-41 before and after nitridation are presented in Fig. 4. The
strong band at 3740 cm™! assignable to the O-H vibration of Si-
OH groups can be observed on MgO-MCM-41 and MgO-MCM-41-
N catalysts. For MgO-MCM-41-N, strong band at 3380 cm ™' assign-
able to the N-H asymmetric vibration of bridging -NH- groups
[14,18], as well as very weak band at 1550 cm™! assignable to the
symmetric bending vibration of terminal -NH, groups [20], appears.
The results from FTIR spectroscopy unambiguously confirm the sub-
stitution of oxygen in the framework by NH after nitridation, leading
to the formation of basic bridging -NH- and terminal -NH, species.
Moreover, it is indicated that NH prefers to replace oxygen atom in
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Fig. 1. X-ray diffraction patterns of MgO-MCM-41 before and after nitridation.
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Fig. 2. Nitrogen sorption isotherms and mesopore size distribution of MCM-41, MgO-MCM-41 and MgO-MCM-41-N.
Table 1 Carbon monoxide (CO) is frequently used probe molecule for
Textural properties of MCM-41 and MgO-MCM-41 before and after nitridation. determination of surface basicity [28]. Fig. 5 shows FTIR spectra
Samples Sger ? Average pore Pore volume of CO adsorption on MgO-MCM-41 before and after nitridation.
(m?/g) diameter (nm) (em’lg) The bands at 1660 and 1280 cm™!, corresponding to v(C=0) and
MCM-41 953 427 1.02 Va5(COO0) of carbonates [29,30], are observed on both MgO-MCM-
MgO-MCM-41 289 478 0.34 41 and MgO-MCM-41-N. The band at 1350 cm™! corresponding
MgO-MCM-41-N 191 5.65 0.27

¢ Calculated by DFT method.

Si-0O-Si rather than that in Si—OH, and consequently bridging -NH-
species are the main basic species created by nitridation.

to the v4(COO-) of formates [31] is observed on MgO-MCM-41,
while it disappears after nitridation. It is known that the formates
are formed from CO adsorption on reactive surface hydroxyls. The
disappearance of band at 1350 cm™! clearly indicates the removal
of reactive surface hydroxyls after nitridation, which is essential
for the catalytic application.
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Fig. 3. TEM images of MgO-MCM-41 and MgO-MCM-41-N.
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Fig. 4. FTIR spectra of MgO-MCM-41 before and after nitridation at 800 °C.

The acidity of the MgO-MCM-41 before and after nitridation is
investigated by FTIR using deuterated acetonitrile (CD3CN) as a
probe molecule. As seen in Fig. 6, bands at 2300, 2270, 2115 and
1660 cm ™' appear upon CD;CN adsorption on MgO-MCM-41. The
band at 2110 cm™! is due to the 84(CD3) of physisorbed CD;CN on
sample [32]. The bands at 2270 and 2300 cm ™! are assigned to v
(CN) of chemisorbed CD3CN on different Lewis acid sites [33]. The
band at 1660 cm ™! is due to the strong H complex formed between
basic CD3CN molecules and acidic surface hydroxyls [32]. As for
MgO-MCM-41-N, the bands at 2270 and 2300 cm~' are observed
upon CD3CN adsorption and their intensities are quite similar to
those on MgO-MCM-41, indicating that the Lewis acid are preserved
after nitridation. In contrast, the intensity of IR band at 1660 cm™!
caused by CD3CN adsorption on MgO-MCM-41-N decreases dramat-
ically compared to that on MgO-MCM-41. Obviously, the acidic
hydroxyls are greatly reduced through nitridation process.

Acidic carbon dioxide (CO,) is good probe for the characteriza-
tion of solid base catalysts. Spectroscopic studies show that CO,
may adsorb over surface basic oxygen sites and Lewis acid sites
[34]. CO, strongly interacts with basic oxygen site to form carbon-
ate-like species and the surface structures including basic sites can
be estimated from the adsorbed states of CO, [3], illustrated by the
IR bands in the range of 1300-1700 cm™'. Over Lewis acid sites,
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Fig. 5. FTIR spectra of CO adsorption for MgO-MCM-41 before and after nitridation.

CO, adsorbs in a linear configuration and the main IR bands are
in the range of 2200-2400 cm™'. Since the IR bands originated
from adsorption of '2CO, on supported alkaline metal oxides are
usually disturbed by the presence of '>CO, [35], 13CO, (99.0%) is
employed in our experiments for a better distinguishment of IR
bands formed.

Fig. 7 shows the IR spectra of '>CO, adsorbed on MgO-MCM-41
before and after nitridation. In the IR region of linear '*C0O, adsorp-
tion, two intense bands are observed at 2290 and 2280 cm™'. The
former is attributed to '3CO, on Mg?" cations [36], and the latter
is attributed to the v; mode of 3CO, [37]. After nitridation, the
intensity of band at 2290 cm~! decreases distinctly, indicating that
the accessibility of Mg?* cation sites decreases to some extent after
nitridation. After evacuated at room temperature for 1 h, the bands
originated from linear '>CO, adsorption disappear due to the
remove of weakly adsorbed >CO,.

In the IR region of 1300-1700 cm™!, bands at 1630, 1405 and
1370 cm™!' can be observed on MgO-MCM-41. The high-frequency
band at 1630 cm ™! is assigned to the assigned to v,,(COO) of bicar-
bonate and the band at 1405 cm™! is assigned to the vy(COO) of
bicarbonate [38,39]. The band at 1370 cm™! is assigned to the
vs(COO) of bidentate carbonate [39], while the corresponding
asymmetric vibration at ca. 1590 cm™! is hard to distinguish due
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Fig. 6. FTIR spectra of CD3CN adsorption for MgO-MCM-41 before and after
nitridation.

to the overlap by the strong band at 1630 cm™'. After evacuation at
room temperature, an obvious decrease in the intensity of these IR
bands is observed, indicating the poor stability of formed species.
For MgO-MCM-41-N, much less bicarbonate species are formed
upon CO, adsorption, as illustrated by the lower intensity of corre-
sponding IR bands at 1405 and 1630 cm~!. Meanwhile, no biden-
tate carbonate species are formed upon CO, adsorption. Through
nitridation, parts of surface oxygen atoms are replaced by nitrogen
atoms (-NH), which hinders the formation of carbonate and bicar-
bonate species. However, the formed bicarbonate species on MgO-
MCM-41-N exhibits better stability than those on MgO-MCM-41,
indicating the better stability of basic sites on MgO-MCM-41-N
than those on MgO-MCM-41. The stability of basic sites is essential
for the application in base-catalyzed reactions at elevated
temperatures.
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Fig. 8. Knoevenagal condensation reaction of benzaldehyde and malononitrile over
MCM-41, MgO-MCM-41 and MgO-MCM-41-N.

3.2. Catalytic performances

3.2.1. Knoevenagel condensation reaction

Knoevenagel condensation reaction is one of the reactions used
for carbon-carbon bond formation and has been widely used for
the commercial preparation of fine chemistry intermediates [40].
This reaction is also extensively employed as model reaction for
the evaluation of solid base catalysts. We perform Knoevenagel
condensation reaction between benzaldehyde and malononitrile
to evaluate the basicity of as-prepared materials under mild con-
ditions and the catalytic results are shown in Fig. 8. All-silica
MCM-41 shows negligible activity in the reaction due to the
absence of any basic center on the surface [14]. MgO-MCM-41
shows good activity for Knoevenagel condensation reaction be-
cause the relatively strong basic center introduced after the
impregnation of MgO. The conversion of benzaldehyde is ca.
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Fig. 7. FTIR spectra of (a) '*CO, on MgO-MCM-41 pre-evacuated at 300 °C for 2 h, (b) sample (a) evacuated at RT for 1 h, (c) '>*CO, on MgO-MCM-41-N pre-evacuated at 300 °C

for 2 h and (d) sample (c) evacuated at RT for 1 h.
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Fig. 9. Claisen-Schmidt reaction of benzaldehyde and acetophenone over MCM-41,
MgO-MCM-41 and MgO-MCM-41-N.

93.3% over MgO-MCM-41 after reaction for 4 h. After nitridation,
the basic catalytic activity for Knoevenagel condensation reaction
is obviously promoted. The conversion of benzaldehyde over
MgO-MCM-41-N can reach up to ca. 98.5% after reaction for 4 h,
suggesting that the basicity of MgO-MCM-41 increases to some
extent after proper nitridation. The selectivity to target product
1,1-dicyanophenylethylene is approaching 100%. No further reac-
tion such as the Michael addition reaction, which involves the
reaction of 1,1-dicyanophenylethylene with another malononitrile
molecule, can be detected under our reaction conditions.

3.2.2. Claisen-Schmidt condensation reaction

Claisen-Schmidt condensation reaction is the most frequently
used for carbon-carbon bond formation in the organic synthesis
of chalcones, which represent one of the most rich and omnipres-
ent groups of natural products [41]. In recent years, chalcones have
been shown to possess interesting biological properties and can be

100+

80
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40

2-propanol conversion

20

300 350 400 450 500 550 600 650
Temperature (°C)

used as synthetic intermediates in the preparation of several
important compounds. Claisen-Schmidt condensation of benzalde-
hyde with acetophenone is performed for the evaluation of the
basicity of as-prepared materials under mild conditions and the
catalytic results are shown in Fig. 9. Basic center with certain
strength is required to promote the formation of carbanions, which
are the important intermediates in the reaction. The absence of ba-
sic center makes all-silica MCM-41 show negligible activity in Cla-
isen-Schmidt condensation reaction. After the impregnation of
MgO, MgO-MCM-41 exhibits certain activity and the conversion
of benzaldehyde can reach ca. 20.2% after reaction for 7 h. Because
acetophenone (pKa=19.1) is less reactive than malononitrile
(pKa=11.2), MgO-MCM-41 exhibits lower activity for Claisen-
Schmidt condensation in comparison to Knoevenagel condensation
under similar conditions. After nitridation, the catalytic activity of
MgO-MCM-41 for Claisen-Schmidt condensation reaction is pro-
moted to some extent and the conversion of benzaldehyde over
MgO-MCM-41-N can reach up to ca. 29.4% after reaction for 7 h.
The selectivity to target product chalcone is close to 100% over
all catalysts studied. Neither benzyl alcohol nor benzoic acid can
be detected in the reaction products, indicating that the Cannizaro
reaction does not take place under our reaction conditions.

3.2.3. Conversion of 2-propanol

The conversion of 2-propanol is recognized as popular model
reaction for the characterization of acid and base sites of solid cat-
alysts. The 2-propanol may dehydrate to propene on acid sites or
dehydrogenate to acetone on base sites. The conversion of 2-pro-
panol to acetone is employed to determine the basic properties
of MgO-MCM-41 before and after nitridation. Fig. 10 shows the re-
sults of 2-propanol conversion over MgO-MCM-41 and MgO-MCM-
41-N. No other products except acetone and propene can be de-
tected under our reaction conditions. MgO-MCM-41 shows high
activity for 2-propanol conversion than MgO-MCM-41-N at
<400 °C. At temperature of >400 °C, 2-propanol conversion of
100% is obtained on both catalysts. Since 2-propanol conversion
can be catalyzed by acidic sites or basic sites, the lower activity
of MgO-MCM-41-N at <400 °C is ascribed to the reduction of acid
sites through nitridation, as proved by FTIR results. For MgO-
MCM-41, the selectivity to acetone is very low and the maximal
yield of acetone is observed to be ca. 5.4% at the reaction temper-
ature is 450 °C. The main reaction product is propene from the

100
[ MgO-MCM-41

go{ [ MgO-MCM-41N

60

40

Acetone selectivity (%)

20

300 350 400 450 500 550 600 650
Temperature (°C)

Fig. 10. 2-Propanol dehydrogenation reaction over MgO-MCM-41 and MgO-MCM-41-N.
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dehydration of 2-propanol catalyzed by the acidic surface hydrox-
yls. After nitridation, the selectivity to acetone greatly enhanced
and a maximal acetone yield of ca. 47.3% can be observed at the
reaction temperature of 650°C. The reduction of acidic sites
through nitridation suppresses the route of 2-propanol dehydra-
tion to propene, and thus promotes the route of 2-propanol dehy-
drogenation to acetone.

4. Conclusions

Promising solid base catalyst MgO-MCM-41-N is prepared by
nitridation of MgO-loaded mesoporous MCM-41. After MgO
impregnation and nitridation, the ordered mesoporous structure
and high surface area of MCM-41 are well preserved. Basic species,
bridging -NH- and terminal -NH,; groups, are introduced into the
framework of MgO-MCM-41 by nitridation, as illustrated by FTIR
spectra. Correspondingly, MgO-MCM-41-N shows improved activ-
ity than parent MgO-MCM-41 in two typical base-catalyzed reac-
tions, e.g. Knoevenagel condensation reaction and Claisen-
Schmidt reaction. FTIR spectra with adsorption of probe molecules,
e.g. CO, CD5CN and '3CO,, reveal that the acidic hydroxyls in parent
MgO-MCM-41 can be greatly reduced through nitridation. Since
pure solid bases without acidic sites do not exist [42], nitridation
can act as effective tool to reduce acidic sites in solid bases. In this
work, MgO-MCM-41-N shows improved 2-propanol dehydrogena-
tion selectivity to acetone than MgO-MCM-41 due to the reduction
of acidic hydroxyls, which contribute to the 2-propanol dehydra-
tion to propene.
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