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MgO/HMCM-22 catalysts were prepared by impregnation and characterized by X-ray diffraction, N2
physical adsorption-desorption, scanning electron microscopy, Fourier-transform infrared spec-
troscopy, temperature-programmed desorption of NHs, and temperature-programmed desorption
of COz. The results show that there were no significant structural changes in the MCM-22 zeolite
after modification. Increasing the MgO loading increased the strength and content of the base,
whereas the strength of the strong acid decreased significantly and the amount of weak acidic sites
increased slightly. Knoevenagel condensation reactions were carried out as the probe reactions
over the catalysts. Both acidic sites and basic sites significantly promoted the reaction. The conver-
sion of benzaldehyde reached 92.6% under the optimal conditions. The catalytic performance of
MgO/HMCM-22 and MgO/NaMCM-22 was better than that of HMCM-22 and MgO. The
MgO/HMCM-22 catalysts gave good catalytic performance for Knoevenagel condensation reactions
and exhibited obvious acid-base synergetic effects.

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

The Knoevenagel condensation reaction is one of the most
useful routes for the synthesis of C=C bonds [1], and has been
used to prepare coumarin and its derivatives [2] and cinnamic
acid [3]. The reaction has found wide applications in organic
synthesis. It is mainly performed using a carbonyl compound
and an active methylene compound in the presence of a basic
catalyst. Since Hein et al. [4] reported that the Knoevenagel
condensation reaction was catalyzed cooperatively by acidic
and basic active sites, acid-base bifunctional catalysts with
good dispersion of active centers and high catalytic activities
have received much attention [5-9]. Climent et al. [10] hold
that the catalytic activities of catalysts with suitable acid-base
pairs are better than those of strong solid basic catalysts. Peng
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et al. [11] prepared a controllable acid-base bifunctionalized
catalyst via in-situ cleavage of sulfonamide bonds. The catalyst
exhibited good performances in catalyzing Knoevenagel con-
densation reactions. Postole et al. [12] studied the reaction over
acid-base bifunctional nanocrystalline CexZr1+02 solid solutions
and further demonstrated that the Knoevenagel condensation
reaction was cooperatively catalyzed by acidic and basic sites.
Alkaline-earth-metal oxides are good solid basic catalysts.
The alkalinities of the catalyst are enhanced by modification
with alkaline-earth-metal oxides and these catalysts have good
catalytic activities and selectivities [13,14]. MCM-22 molecular
sieves, which have a high Si/Al ratio, have good thermal and
hydrothermal stabilities, adjustable acidity, a high specific sur-
face area, and a supercage structure [15-17]. They have the
potential for use in a broad range of industrial applications. In
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the present work, MgO is used to adjust the acidity and basicity
of the catalyst, and an acid-base bifunctional -catalyst,
MgO/HMCM-22, is prepared by impregnation. The effects of the
reaction conditions on Knoevenagel condensation reactions are
also investigated.

2. Experimental
2.1. Catalyst preparation

Na-MCM-22 zeolites with Si/Al = 30 were synthesized using
a previously reported method [18]. The ammonium form was
prepared by ion-exchange for 2 h at 80 °C with a 1.0 mol/L
NH4NOs3 solution. The resulting material was filtered, washed,
and dried. The NHs-MCM-22 zeolite was then calcined at 550 °C
for 5 h. The above procedures were repeated three times and
the HMCM-22 zeolite was obtained.

HMCM-22 was impregnated with an aqueous solution of
Mg(NO3)2 and dried with stirring at 80 °C, further dried for 4 h
at 110 °C, and calcined at 550 °C for 5 h. MgO/HMCM-22 cata-
lysts were obtained. The catalysts MgO/NaMCM-22 and
Ca0O/HMCM-22 were also prepared for comparison.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker
D8 ADVANCE powder diffractometer, using a Cu K. radiation
source at 40 kV and 40 mA, in the 20 range 5°-80° at a scanning
speed of 5°/min. N2 physical adsorption-desorption measure-
ments were carried out on a Chembet-3000 instrument. Before
the measurements, the catalysts were placed in a vacuum for 4
h at 350 °C. The morphologies of the catalysts were observed
by scanning electron microscopy (SEM), using QUANTA200
instruments, after each treatment. Fourier-transform infrared
(FT-IR) spectra were obtained using a Nexus 870 FTIR spec-
trometer. Samples were mixed and ground with KBr for meas-
urements in the range 4000-400 cm-1, with a resolution of 4
cm-1, The acidities and basicities of the catalysts were meas-
ured by NHs and CO:z temperature-programmed desorption
(NH3-TPD and CO2-TPD), respectively, using an Autochem 2910
instrument connected to a thermal conductivity detector.

2.3.  Knoevenagel condensation reaction

The Knoevenagel condensation reaction of benzaldehyde
and ethyl cyanoacetate was carried out in a 50-ml three-necked
flask attached to a reflux condenser. In a typical run, benzalde-
hyde (50.0 mmol), ethyl cyanoacetate, and catalyst (cata-
lyst/reactants = 0.03, mass fraction) were added to the reaction
mixture, and ethanol (10.0 ml) was mixed in the reactor as the
solvent. The reaction was carried out at 80 °C (or another tem-
perature, as discussed later) for the required time. The conver-
sion of benzaldehyde was determined using a gas chromato-
graph (SP-6800A) equipped with a capillary column and a
flame ionization detector.

3. Results and discussion
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Fig. 1. XRD patterns of HMCM-22 samples with different MgO loadings.
(1) HMCM-22; (2) 3%MgO/HMCM-22; (3) 5%MgO/HMCM-22; (4) 8%

MgO/HMCM-22; (5) 10%MgO/HMCM-22; (6) MgO.

3.1. Catalyst characterization results

3.1.1. XRD

The XRD patterns of the catalysts (Fig. 1) show no signifi-
cant structural changes in MCM-22 after MgO modification. The
XRD pattern of MCM-22 shows almost the same features as
those described in [19]. Peaks arising from MgO are not ob-
served, because MgO is highly dispersed. However, the crystal-
linity of the modified MCM-22 decreases with increasing MgO
loading. This reduction indicates that excessive MgO could
block the pores of MCM-22 [20].

The data in Table 1 show that the specific surface areas, mi-
cropore areas, and pore volumes of the catalysts decrease ob-
viously with increasing MgO loading. These characterization
results also imply that a high content of MgO would cause par-
tial blockage of the pore system of MCM-22. This is in agree-
ment with the SEM images (Fig. 2), which reveal no aggregation
on the MCM-22 surface.

Table 1
Specific surface areas and pore volumes of MgO/HMCM-22 catalyst
samples with different MgO loading.

Sample Ager/(m?/g) Vr/(cm3/g) Am/(m2/g) Vm/(cm3/g)
HMCM-22 543.0 1.81 439.4 1.13
3%MgO/HMCM-22 475.6 1.79 382.2 1.02
5%MgO/HMCM-22 431.4 1.46 347.1 0.71
8%MgO/HMCM-22 393.2 1.26 322.8 0.58
10%MgO/HMCM-22  377.0 1.13 306.0 0.51

Aper—BET surface area; Vr—Total pore volume; Av—Micropore area;
Vm—Micropore volume.

Fig. 2. SEM images of catalysts. (a) HMCM-22; (b) 8%MgO/HMCM-22.
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Fig. 3. FT-IR spectra of catalyst HMCM-22 (1) and 8%MgO/HMCM-22
2.

3.12. FT-IR

Figure 3 shows the FT-IR spectra of the HMCM-22 and
MgO/HMCM-22 catalysts. The structure of MCM-22 after MgO
modification is retained. The peaks at 1090 and 1240 cm-!
arise from the asymmetric stretching vibration of a TOa tetra-
hedron. Slight decreases in the intensities of these bands are
observed after modification as a result of MgO interacting with
the framework of the MCM-22 molecular sieves [21]. The
symmetric stretching vibration of the TO4 tetrahedron is found
at 804 cm-! and the peak at 457 cm-1 is linked to the bending
vibration of T-0. The bands at 559 and 607 cm-! are attributed
to the dual-ring vibration of the tetrahedral framework [22].
The region with wavenumbers less than 1250 cm-1 is called the
framework region [23]. The peak at 1640 cm-! is the bending
mode of water molecules [24].

3.1.3. CO2-TPD and NH3-TPD
The CO2-TPD and NHs-TPD profiles of the MgO/HMCM-22
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Fig. 4. CO2-TPD profiles (a) and NH3-TPD profiles (b) of HMCM-22 and

MgO/HMCM-22 catalyst samples.

catalysts are shown in Fig. 4. The two desorption peaks repre-
sent weak and strong basic sites or weak and strong acidic
sites, respectively. Increasing the MgO loading the strength and
content of bases increase obviously. Si-O-Mg is formed after
modification. Low-coordinated O- ions [25] can exhibit higher
basicity. Obviously decreases the strength and content of
strong acids; this is a result of MgO interacting with acidic sites
[26]. The amount of weak acidic sites increases slightly, and
this is ascribed to additional acidic sites after MgO modification
because H* ions of the hydroxide groups in the zeolite interact
with MgO to form Mg(OH)+ [27]. As mentioned above, acidic
and basic sites exist simultaneously on the catalysts.

3.2. Catalytic performance

3.2.1. Effects of MgO loading

The effects of MgO loading on the catalytic activity are
shown in Table 2. The highest conversion is observed over the
MgO/HMCM-22 catalyst with 8.0% MgO loading. The conver-
sions only reach 84.4% and 6.6% over MgO/NaMCM-22 and
HMCM-22, respectively. Interestingly, the combination of a
functional HMCM-22 zeolite with MgO resulted in a higher
conversion than for MgO alone; 92.6% versus 72.5% after 2 h.
This demonstrates that the introduction of MCM-22 molecular
sieves can promote the dispersion of MgO. In addition, acidic
sites can be introduced to facilitate the Knoevenagel condensa-
tion reaction together with basic sites. From Table 2, it can be
seen that the conversion of benzaldehyde first increases with
increasing MgO content, but decreases when the content of
MgO is more than 8.0%. This decrease could be caused by par-
tial blockage of the MCM-22 pore system when the content of
MgO is high, leading to a severe decrease in the surface area,
micropore area, and pore volume [28], as shown in Table 1.

3.2.2. Effects of reaction conditions

To check the effects of reaction time on the Knoevenagel
condensation reaction, the reaction was carried out over
8%MgO/HMCM-22 at 80 °C for different reaction times, rang-
ing from 1 to 6 h, as shown in Fig. 5(a). It was found that in the
first 2 h of the reaction period, the conversion increases linear-
ly and reaches 92.6%, because the reaction is kinetically con-
trolled. The conversion levels off with further increases in the
reaction time.

The effects of the benzaldehyde/ethyl cyanoacetate molar
ratio on the Knoevenagel condensation reaction are shown in
Fig. 5(b). Little change is found at molar ratios below 1. The

Table 2
Effects of different MgO loadings on catalytic activity.

Sample Conversion (%)
MgO= 725
HMCM-22 6.6
8%Mg0/NaMCM-22 84.4
3%MgO/HMCM-22 69.7
59%MgO/HMCM-22 84.2
8%MgO/HMCM-22 92.6
10%MgO/HMCM-22 88.6

Reaction conditions: 80 °C, 2 h, n(benzaldehyde)/n(ethyl cyanoacetate)
=1, m(catalyst)/m(reactant) = 0.03.
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Fig. 5. Effects of reaction time (a), n(benzaldehyde)/n(ethyl cyanoacetate) (b), temperature (c), m(catalyst)/m(reactant) (d) on the Knoevenagel condensa-
tion reaction. Reaction conditions: (a) 80 °C, n(benzaldehyde)/n(ethyl cyanoacetate) = 1, m(catalyst)/m(reactant) = 0.03; (b) 80 °C, 2 h,
m(catalyst)/m(reactant) = 0.03; (c¢) 2 h, n(benzaldehyde)/n(ethyl cyanoacetate) = 1, m(catalyst)/m(reactant) = 0.03; (d) 80 °C, 2 h,

n(benzaldehyde)/n(ethyl cyanoacetate) = 1.

maximum conversion is obtained for a 1:1 molar ratio, with
92.6% conversion of benzaldehyde. However, the conversion
drops with further increasing in the molar ratio because excess
benzaldehyde blocks some of the available active centers [21].

To optimize the reaction temperature to obtain maximum
conversion, the Knoevenagel condensation reaction was car-
ried out at different temperatures, ranging from 20 to 80 °C, for
2 h. From Fig. 5(c), it can be seen that the conversion increases
linearly up to 80 °C. At this temperature, ethanol can reflux
fully to accelerate the reaction. Moreover, the carbanion inter-
mediates generated in the reaction are stabilized by solvent
molecules, promoting the reaction [29].

The effects of catalyst amount on the Knoevenagel conden-
sation reaction were studied by varying the amount of catalyst
under the optimized reaction conditions. As shown in Fig. 5(d),
increasing the amount of catalyst to 3.0% increases the conver-
sion to 92.6%. The enhancement of the conversion can be at-
tributed to an increase in the number of catalytically active
sites available for this reaction. The conversion remains almost
steady for catalyst amounts above 3.0%.

3.3. Different Knoevenagel condensation over MgO/HMCM-22
and CaO/HMCM-22 catalysts

Because of its good catalytic activity in the reaction of ben-
zaldehyde with ethyl cyanoacetate, the Knoevenagel condensa-

Table 3
Different Knoevenagel condensation reactions over MgO/HMCM-22
and CaO/HMCM-22 catalysts.

Conversion (%)

Reactantl — Reactant2 —g v 0 /HMCM-22  5%Ca0/HMCM-22
@\ CNCH,COOEt 926 782
CHO
@\ CNCH.CN 96.4 97.7
CHO
W CNCH,COOEt 96.2 982
O CHO
B CNCH,CN 98.0 982

O CHO

Reaction conditions: 80 °C, 2 h, n(reactant 1)/n(reactant 2) = 1,
m(catalyst)/m(reactant) = 0.03.

tion reactions of different active methylene compounds and
aldehydes were carried out over the acid-base bifunctional
catalyst MgO/HMCM-22, as shown in Table 3. The conversions
of aldehydes are all above 92.5%. Malononitrile is found to be a
better reagent than ethyl cyanoacetate, because of its better
electron-withdrawing ability. The catalytic activity of
Ca0O/HMCM-22 was also investigated and gave good results.
The basic sites, as well as the acidic sites, play positive roles in
promoting Knoevenagel condensation reactions. The acid-base
bifunctional MgO/HMCM-22 and CaO/HMCM-22 catalysts, i.e.,
modified by alkaline-earth-metal oxides (MgO, Ca0), are good
catalysts for Knoevenagel condensation reactions.

Corma [30] reported acid-base cooperation for the
Knoevenagel condensation reactions of carbonyl compounds
with active methylenes via an ion-pair mechanism. According
to the results of our experiments and characterizations,
MgO/HMCM-22 and CaO/HMCM-22 catalysts exhibit obvious
acid-base synergetic effects in the Knoevenagel condensation
reaction. A possible mechanism of the Knoevenagel condensa-
tion reaction of a carbonyl compound with an active methylene
is shown in Scheme 1. Basic sites abstract a proton from the
methylene carbon of ethyl cyanoacetate, forming a carbanion.
The carbonyl of the aldehyde is activated by acidic sites and a
carbocation is generated. A dehydration reaction occurs by the

H (‘:H
o)
Ho + C‘Y
oL g
H o > CH,
/ H | <
H — ‘ ? CO,Et
O O I
| MCM-22 ‘

Scheme 1. Possible mechanism of Knoevenagel condensation over
MgO/HMCM-22.
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Table 4
Reusability of 8%Mg0O/HMCM-22 and 5%Ca0/HMCM-22.

Conversion (%)

Run 8%MgO/HMCM-22 5%Ca0/HMCM-22
1 926 782
2 817 65.7
3 72.5 57.9
4 708 56.7

Reaction conditions: 80 °C, 2 h, n(benzaldehyde)/n(ethyl cyanoacetate)
=1, m(catalyst)/m(reactant) = 0.03.

carbanion attacking the carbocation. Subsequent elimination of
water results in formation of the products.

3.4. Catalyst reusability

As it is very convenient to recover the catalyst at the end of
a reaction and recharge it for the next run, the MgO/HMCM-22
and CaO/HMCM-22 catalysts were recycled by filtering, wash-
ing, and drying, without any regeneration steps. The
Knoevenagel condensation reaction of benzaldehyde with ethyl
cyanoacetate was investigated over these catalysts. The results
are listed in Table 4. The catalytic activity was stable after the
third reaction run. The results indicate that there is a decrease
in the activity after each use. This may be the result of deactiva-
tion of active centers resulting from complexation with both
starting materials and products, or of microscopic changes in
the structure of the catalyst [31].

4. Conclusions

Acid-base bifunctional MgO/HMCM-22 and CaO/HMCM-22
catalysts were prepared using alkaline-earth-metal oxides
(MgO, Ca0), characterized, and used as efficient catalysts for
Knoevenagel condensation reactions. The basicities of the cat-
alysts increase when basic sites are introduced onto HMCM-22.

Acidic sites and basic sites are both significant for this reaction.
The basic sites cooperate with the acidic sites, promoting the
reaction. The present results suggest that these catalysts have
acid-base synergetic effects on the Knoevenagel condensation
reactions of carbonyl compounds with active methylenes. The
advantages of this method are mild reaction conditions, a sim-
ple procedure, and a short reaction time. The conversions were
all above 92.5% under the optimal conditions.
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AT A B b D3 1 oy s Rk 48 B 20 T, MCM-22
AAEAT o A s MR K IR s b, (RIS I H A T 1
AR . K BRI R R S s b T R R T
2 B AV R F 5. ASCR A MgO Bt MCM-22 7)1
i, @ A MCM-22 (BRI T, i 4% 1 BB o0 Ih
AL MgO/HMCM-22, J2% 52 T B AE A A RS 4 1 R
4, Knoevenagel 45 & s b ) 1 g

2. SCIGERSY

2.1 LTINS

Z M SCHR[18]) & pk SR BN 30 19 NaMCM-22 4y
T, F5 NH4NO; ¥ (1.0 mol/L) 7£ 80°C F & 152
e 2 h, 2308, PRV, MET55HRE, T 550°C J54E 5h, =
UL AR =X, 143 HMCM-22 4317

W 173 1 HMCM-22 431 43 3R 153 T [F) A< 5
) Mg(NOs), %, 3T 80°C #it#: 28T, 110°C TJ& 4
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h, F F 550°C %5 %% 5h, #il 3 7 A A i # & 1)
MgO/HMCM-22 1 & 7). N 7 b & & # % 7
MgO/NaMCM-22 1 CaO/HMCM-22 i AL.5].
2.2, EWFIRFRAE

X I Bruker 7 # ff) D8 ADVANCE %Y X ff £k 47
(XRD) X AT E AT R AE, Cu #1E K, 3 2R IR, & Ik
40 kV, & HLI 40 mA, FH Y H 20 = 5°~80°, 4 d 2
5°/min. N W B - i B 325 00 5 A it 1) b 3% T AR 7 55 [
Quantachrome 2 & ] Chembet-3000 74 4%) 3 Wl B 1% L 3k
1T, B 2 BT RE S SE1E 350 °C A T4 4 h. fEAL
KT LA Philips 2 7 1) QUANTA200 7 41 i i %
(SEM) Eia. i A 750 0 4 L AR 2T 1S3 (FT-IR)
FAE K Thermo Nicolet 22 & f) Nexus870 %4 {8 B 2T
S 61 ACIE, IR & F R KBr R, BT
4000~400 cm™, 4> #F % 4cm™. [, % A Autochem
2910 7Y F2 3 7 I M BH (TPD) 2% B % i 1k 7 3t 1T
NH;-TPD 5 CO,-TPD Ak, LAJy #r H ER B 14, TCD fa
MZE.
2.3, EWFIRIEMN

DK H S R 3L 2. 2 BB 1Y Knoevenagel 46 & 4%
B S AL TR e BEAT VRO, K5 50 mmol F 2K S, 50
mmol K& 2.0 B8 % 10 ml 3575 ZEE N5 4 V4 g i
(19 50 ml = VRS b, FR NN &L N4 T & 3.0% )i
A, Tt 2 T W BN RN AR ] R g% 1 R
Knoevenagel 4 & [ B ¥ 52 Wi . Je B 7% bk H
SP-6800A B AH 153 43 A S5 YR 2HL BSGFF v B3 2 R
MR, BAERE, KA TR RS, SRR TR
P AT A

3. ZR5W#R

31 EUFIRRIESER
311 EUFINERS KRR

1 A— %% MgO/HMCM-22 {4k 7] () XRD i,
ATLLE H, 4 MgO Btk J5, FE A 7E 20=7.1°,9.5°,
22.7°,26.0° /i A Y ERATT SR U8, 3 il B2 F MCM-22 731
% (100) (hkl), (102), (302), (310) i T (R AiF e U, 2 B
MgO & P I R B MCM-22 43 10 JR A () B B 45 4.
Sy Ah, HEAR R I AR H I EA ) MgO 7SI, K 85 MgO
EEESBURE, HSE MCM-22 (45§ B MgO
B L 3G N AR, X2 BT 51N MgO 378 1
4y MCM-22 7L a0,

R 1 NSHEMTIMSESE. TLUE |, B84 Mgo

B TR N, (AR b T BRI FLFLES DL AL
AR AN FLAL A B BRAR, AT 2E— 2P HIESE T MgO 78
T HBA> 5T A FLIE, 8RR T AR EE R AR S LA
TR

Kl 2 N &AMEALFI SEM IE A AT LAE Y, MgO JF
RAMATN R~ E B B RE, 5 XRD 4551 —5.
312, EMFIMFT-IR

K 3 NEEAL T FT-IR . f B w] 0, St e i
MCM-22 435475 B0 A 431 0 B ARF AR i g, 1090
55 1240 em™ Kb WR AL I S I8 43T 0 1) T-O=T 1Y T 4 (1)
KRR AE RS, MO Bt J5, 1206 5 A BT s 55, vl
BB H T84 MgO 543 T B 48/ I Y, 607 &5
559 cm ™ Ah W Wi U ki I G AR 4R O AR 312 457
om ™t AR iCIE Sy T-O B82S Hi 4R 5h; 804 cmt Ak U Xt
JS7F T—O=T DY T 45 (14 %5 FR A0 45 H% 3. Kumara 25 2150
oM, < 1250 em BRI i DX S A R R IX . T 1640 cm
AR TR WU S H-O Bt 12 i 4R 30, B 4 750 IR B /K B 72
%m%[qu
3.1.3. #E{LFIAY CO,-TPD 3EF1 NH,-TPD i

Kl 4 & HMCM-22 I MgO/HMCM-22 i 1k 7] i)
CO,-TPD £l NH,-TPD 1. & 4(a) A1 (b) 75 A i Bt
W 3 S0 2 A4 A 750 £ 55 Bl R0 i el o DA K% 55 R R B8 R
Hl. ATLAE H, BEE MO s 15 hn, 4677 b 55
6l 5 98 Tl i o 3 R i B B SR B, AT RS R TR R T
Si—-O-Mg #t, MifIRACAL I O A7 7E ), 5 Ak 7] 159
o5 SR B e B S 38 0. SR, SRR R R T S R P
BEAR, X i T Ak MO 77 25 08 38 1 43 1 9 1 R
PO Ak 7R L SRR ER b A BTG N, W RE S T R
MgO 5 H*{E F T B i1 MgO(OH)* &, o] L, ekitk
Je AR b R B A7 7R — 8 BB ORI .
32. LTI EEE
32.1. MgO faEERFMm

% 2 N MgO f1 % & % MgO/HMCM-22 181k 7113%
PEW 2w . v BLE B, % L HMCM-22 A
MgO/NaMCM-22 A AL I, 25 s 55 40 R 70 il R
6.6% FiI 84.4%, 1 FAK F MgO Ak 7T, 2 F S (1)
AW A 72.5%. 7] 0L, MCM-22 43§ #8044 1) 51
NAFIT MgO 15, I3RS TE 2 B 3G AL, [FE,
MCM-22 43T i v] $ IS & ) B PR A, JE I B b 0 5
1% o SR R0 B SRR A AR R AR 12 S R R iEAT . 3B ]
E i, B MgO e B FE A 2l B i3 o, o R A A
FRWFEWM; 2 8.0% I, JRH AL ZIE i k2l
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I MgO i BE:, AR TERS A R, 45638 1 A5, /]
Ae T id B MgO 78 | MCM-22 L1, s 1
— 805 WIS PEAL, A8 bE SR TR . B i AR L 2R DR
/N V8L PRI T PR AL3TS 2 AR

322, REEMHHENT

5 LA 8%MgO/HMCM-22 {471 i AN 7] J )b
A% Knoevenagel 4 & S M ) 200, H &l 5(a) 7l &
tH, B S I TR PR 3G, 4% P e A R 2 3 o, By
BUR N F BAEF) )40 N R A & 2 h IR AL
FILF) 92.6%; SR, Ak LI i SN A], 2R HT 3 A 2
TAAK.

5(b) A S LA EE K LG (4 B/ LR TR %t 4
G IMRFE. AT LA H, 24 s N BE R HE<1.0 I, 2R
it e A 26 T A S S0 JBE O BU IR B N T A S AR LA K
& 1.0 i, ik, N 92.6%; 4k 4K s N A EE R L,
IR AR AL R SR B, PTRE S T B R F i 4
(oA 750 (0 P AT, A 758 7T ) PR 03 A Ak 2 o 2 24,

5(c) %% T [ ML JE X Knoevenagel 4 & /2 M.
sz, HHEE H, BEE NIRRT i, 2R R A
TR N, % 80 °C WHAKR K. X EH T iZEES
TR SRR SRR T, ZEE RS 7 43 IRV Bk IR, R I
TR LBy 0] ARRE ORI A2 T R B e A 1 v
)RR TR i IS (R4 T

5(d) oA A S X146 A R SR sZ R, e AT
D, il R AR B R BE, fEAE  rh O 22, DR
AL BN, Z23.0%0 1592.6%. 4k L i 1L 7
&, KRR AKX,

3.3. MgO/HMCM-22 1 CaO/HMCM-22 L5 £ R
[8 Knoevenagel 454 & K

45T MgO/HMCM-22 {4 751 0F 248 FEY i FH B2 212
LRI AR G SOV I B A IS T, A SCE % TR
FE N 25 T BR BN ) fiE MgO/HMCM-22 {44 71 % A
[F) 3% ¥k 30 F 640 A 0 FIEE () Knoevenagel 46 & 5 b ) A
i, 45585 T3 3. 1T LLE H, MgO/HMCM-22 7E A
[} Knoevenagel 4 & [ I 7 35 ¥ 71 HA 45 i PR A A i 128,
gt B Ak 3 A Ik 92.5% LA B BT R R R TR
J19R T EEE QIR L, Bt DA A B TR M T

LR LT, AE A5 A0 LIS e A R . AR, 1B 552 T
CaO/HMCM-22%} Knoevenagel 52 ¥ R A 5% 12, % B0 i%
it [V RE B A8 o PR P A TG . ] AL, O AR
O % e AT 5 B EAE H G [A I MO B CaO £
MCM-22 filriill £ B BR B AU e 4k 71 & Knoevenagel 4
B SN A AR AL,

Corma 2B\ Ry, HRIEAL & W 55 35 ik I H 3 AL
Knoevenagel 4 & [ B2 MR35 28 7 XS HLE AT 1. 456
DA b5z 45 5L nT g, BRIH D) A 46 77 MgO/HMCM-22
A1 CaO/HMCM-22 FEAEATE IR W H IR A 5 B A &1
(1 Knoevenagel 4 ¢ 5 I PR B HE B S5 (6 18 Bl B [ i 4L
YEF, DRLGAHED FEmT e i) S R HLER an P =X 1 o, 1 %%,
B LR T B Uk 0 2 S AR e O
NI RS B T AR R T P A e AR R L T A
FHAERTE bk IE B 1 B s+ Sk BB 1t — B 1EH
it 2 — 3 FIKIE I B AR =4,

34. EUFIMEEERAM

[ AR AG 5 2 T B, AR T ER . R HR
J&, B RS BE Sy B AR, A LIS A
PEIFHET T, A GAT A F A 4 B B B AT R M S,
S B4 RT3 4. MgO/HMCM-22 F1 CaO/HMCM-22
HE A7) I 5 1 BR OB B, LR B T R B, R 4
UCE, SEPENS A T R TR R, X e AR i T iE A
I3 BRI S AL 70 OO0 225 440 P A A B 8 3,

4, i

KB A 4 8 S Ak MgO B¢ CaO Btk MCM-22
gy A T B IR B ) e A 46 7] MgO/HMCM-22
1 CaO/HMCM-22, 3 F T Knoevenagel 4 & J N .
SERR I, Bt &R A A U 5, AT (B P 1
JIT T B A o0 5 4R 7] P TR v o S [ 56 S B JEE 420
TEF, TE IR A W 5 15 Uk 0 FF A0 Knoevenagel 4
B SR A B B T R R P [ R A AR R T
Knoevenagel 4 & S N #EAT, 1 — 2 3B 7 BR 0 A
ol o o 127 2 I F R B[ I % v ) i R R
RN AR, S B R RE, 7R DA IR 2% 40 T B I e Ak
RIGFE 92.5% LA L.



