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The aldol condensation of methyl acetate with formaldehyde to form methyl acrylate was studied in a continuous-flow
reactor using a series of supported cesium basic catalysts with commercially available materials (ZSM-5, SiO2, and
γ-Al2O3) as carriers prepared by vacuum impregnation. The catalysts were characterized by N2 adsorption–desorption,
Fourier transform–infrared (FT-IR), X-ray diffraction (XRD), and temperature-programmed desorption of ammonia
and carbon dioxide (NH3/CO2-TPD). The obtained results indicated that the selectivity of methyl acrylate was mainly
influenced by the properties of supports. The formation of acetone is approximately proportional to the acidity of
supports. The basicity of the catalysts was favorable to the formation of methyl acrylate according to the results of
CO2-TPD. The hydrolysis of methyl acetate was inhibited over Cs–HT-SiO2 prepared by SiO2 after hydrothermal
treatment. Furthermore, SiO2 with the large mesoporous volume is superior to other supports, which shows the best
catalytic activity for the aldol condensation reaction. On the other hand, the catalytic performance of zeolite basic
catalysts was strongly influenced by the effect of reactant diffusion. Internal diffusion resulted in the increase of
conversion of methyl acetate with increasing specific surface area, while the conversion of methyl acetate decreased
with increasing the weight hourly space velocity (WHSV) due to the external diffusion.
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1. Introduction

Nowadays, heterogeneous catalysis has attracted a great deal
of interest [1] especially for its recyclability and lower environ-
mental impact [2]. Continuous-flow reactor for heterogeneous
catalysis has been studied much recently because of high sur-
face to volume ratio, temperature control, and fast mass transfer
[3]. Fixed bed reactor as a continuous-flow reactor has been
used widely in petrochemical industry.

Methyl acrylate (MA) is a significant monomer in the produc-
tion of adhesives, thickeners, plastics, surfactants, elastomers,
and coatings. Most of acrylic acid and acrylate esters are pro-
duced by the gas phase catalytic oxidation of propylene, which
can be carried out in single- or two-step process (Scheme 1) [4].
However, the sources of propylene are limited with the increas-
ing tense of oil resources, so developing new synthetic process of
acrylic acid and acrylate esters is of great significance. Many
researchers have devoted to the synthetic routes of acrylic acid
and acrylate esters by means of the vapor-phase aldol type
condensation in a continuous-flow reactor because of the good
conversion and high yield.

For vapor-phase aldol condensation, two types of heterogene-
ous catalysts have been proposed. One is considered as solid
acid-catalysts, such as V2O5–P2O5 binary oxides catalyst for the
aldol condensation of formaldehyde with acetic acid [5] and aldol
condensation of formaldehyde with propionic acid [6], V–Ti–P
oxide catalyst for the formation of acrylic acid [7] and metha-
crylic acid [8] by aldol condensation, and V–Si–P catalyst for the
synthesis of methyl methacrylate [9]. The other type of catalyst
for vapor-phase aldol condensation is solid basic catalysts, such
as oxides of alkali metals or alkaline earth metals supported on
porous materials. Compared with solid acid catalysts, solid basic
catalysts have been given fewer attentions because of the severe
pretreatment conditions [10]. However, the application of solid
basic catalysts to organic reactions has been increasing in recent
years [11] since the sodium metal dispersed on alumina as an
effective basic catalyst for double-bond isomerization of alkenes

was reported by Pines and Haag [12]. As an important applica-
tion of solid basic catalysts, Azzouz A. et al [13] used ion-
exchanged montmorillonite-rich catalysts for aldol condensation
of formaldehyde and acetaldehyde. Mamoru Ai [14] studied the
aldol condensation of formaldehyde with carboxylic acid, ketone,
aldehyde, and nitrile using single and mixed metal oxides as
catalysts. Vitcha and Sims [15] reported the vapor phase aldol
reaction of acetic and formaldehyde over a series of basic cata-
lysts, and also, they reported the possible basic-catalyzed mech-
anism of vapor phase aldol condensation reaction on this kind of
catalyst (Scheme 2). The base attacks on acetic acid or acrylic
esters absorbed on the catalyst surface to form a carbanion firstly,
and then by addition, proton transfer, and dehydration, the acrylic
acid or acrylate esters are synthesized. For the formation of
methyl methacrylate from aldol condensation of formaldehyde
and propionate, Mamoru Ai [16] found Cs–Si catalyst exhibited
the best catalytic performance. The acid-base bifunctional cata-
lysts Al–Zr–Cs/SiO2 was also prepared for the synthesis of
methacrylic acid by aldol condensation of propionic acid and
formaldehyde [17]. Mamoru Ai et al. [18] reported that the
catalytic performance of Sn–Si–P acid basic catalyst for aldol
condensation of formaldehyde and propionic acid was identical
to Cs–Si basic catalyst. Jing T. et al. [19] studied the influence of
the catalysts' filling up technique on the reaction and found that
the reaction performance of aldol condensation between form-
aldehyde and methyl acrylate was promoted after filling up
V2O5–P2O5/SiO2 and Cs–Sb2O5/SiO2 in appropriate subsections
of the reactor.

A large number of papers and patents have reported the prep-
aration of methyl methacrylate by aldol condensation, while few
have studied the formation of methyl acrylate by aldol condensa-
tion of formaldehyde and methyl acetate. In this study, different
ZSM-5 (SiO2–Al2O3 = 38, 200, 500), SiO2, and γ-Al2O3 were
used as supports to prepare basic catalysts by vacuum impregna-
tion and the influence of support properties on the activity of basic
catalysts for the vapor-phase aldol condensation in a continuous-
flow reactor was investigated. For the source of formaldehyde,
formalin is much more desirable than trioxane and methylal in
view of the price, so the reaction was performed in the presence of* Author for correspondence: zhuzhirong@tongji.edu.cn
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water, using aqueous solution of HCHO as the source of
formaldehyde.

Results and Discussion

2.1. Characterization of the Basic Catalysts
2.1.1. Physicochemical Properties of the Prepared Catalyst.

The X-ray diffraction (XRD) patterns for γ-Al2O3 and Cs2O
modified γ-Al2O3 are shown in Figure 1a. It could be seen that
both γ-Al2O3 and Cs–γ-Al2O3 exhibited obvious characteristic
peaks of γ-Al2O3 at 2θ being 37.59°, 45.84°, and 67.00° [20].
The XRD curves of SiO2 and Cs–SiO2 (Figure 1a) showed a
broad peak between 17° and 38° which can be assigned to amor-
phous silica [21]. The XRD curves of HT-SiO2 and Cs–HT-SiO2

both showed similar peaks to SiO2, which suggested that the
structure of SiO2 was not changed during hydrothermal treat-
ment by water. Figure 1b presents the XRD patterns of ZSM-5
with different SiO2–Al2O3 and impregnated ZSM-5. It could be
seen that no new diffraction peak appeared after modification,
and both origin zeolite and Cs-loading zeolite had characteristic
ZSM-5 diffraction peaks [22]. The catalysts were prepared
with Cs2O-loading using cesium carbonate as the base precur-
sor and calcined at 520 °C or 600 °C for 1 h. Few peaks of cesium
carbonate or cesium oxide were observed in all modified cata-
lysts. This indicated that the structure of supports was preserved
well and no phase was produced during the modification with
Cs2O, although the relative crystallinity decreased obviously.

The infrared (IR) spectrum of SiO2 and HT-SiO2 was dis-
played in Figure 2. The spectrum of the SiO2 and HT-SiO2 both
exhibited three characteristic bands of the silica: Si–O–Si sym-
metric stretching vibration (466/cm, 801/cm) and Si–O–Si
asymmetric stretching vibration (1080/cm) [21]. The peak
observed at 1637/cm and 3458/cm could be assigned to the
bending vibration peak of H–O–H and asymmetric stretching
vibration peak of –OH of structural water, respectively [21].
However, the intensity of the peaks at 1637/cm and 3458/cm
decreased after hydrothermal treatment by water.

The pore textural properties of catalysts were determined by
nitrogen physisorption, and the physical properties (Brunauer,
Emmett, and Teller [BET] specific surface area, total pore
volume, micropore pore volume, and micropore surface) of

the supports and catalysts were presented in Table 1. The
commercial zeolite supports had large specific surface area,
while the specific surface areas of SiO2 and γ-Al2O3 were
relatively small. The N2 adsorption and desorption isotherms
of SiO2 and γ-Al2O3 supports (Figure 3) were classic type-IV,
and each of the isotherms had a clear hysteresis loop, which
indicated the mesoporosity of thematerials. As shown in Table 1,
the mesoporous supports SiO2 and γ-Al2O3 had larger pore
volume than zeolite supports. The BET special surface area and
total pore volume of SiO2 both decreased slightly after hydro-
thermal treatment. From the physical properties of basic catalysts
listed in Table 1, it could be seen that the BETsurface area and the
pore volume decreased greatly after modification with cesium
carbonate, which indicated that Cs2CO3 or Cs2O (as shown in
Supporting Information) was not only loaded on the external sur-
face but also impregnated into the pore of supports [22].

For zeolite ZSM-5 (SiO2–Al2O3 = 500), two adhesives were
used during the process of extruding and kneading. The zeolite
typed by aluminum oxide was noted as ZSM-5(500), while
ZSM-5(500)* represented zeolite typed by silica gel as adhe-
sive. Figure 3 showed that the two typed zeolites had similar N2

adsorption and desorption isotherm. Also, the surface area and
pore volume were listed in Table 1, which showed that the
typed zeolite had no significant differences in their specific
surface area. However, the micropore surface area and pore
volume of typed zeolite obtained by silica gel were lower than
those of typed zeolite obtained by aluminum oxide.

For SiO2 support, two kinds of SiO2 were used to prepare
basic catalysts in order to explore the effect of support structure
on the catalytic performance of cesium supported catalysts.
Table 1 showed that larger pore volume was obtained over
SiO2 (#); however, SiO2 exhibited larger specific surface area.
Figure 4 showed the pore distribution of these two SiO2 sup-
ports. Both the two SiO2 supports were mesoporous materials,
and the pore diameter of SiO2 was mainly distributed between
5 nm and 15 nm, while 5 nm–35 nm for SiO2(#).
2.1.2. Acidity and Basicity Analysis. For acidity and basicity

analysis of catalysts, temperature-programmed desorption
(TPD) was used. TPD of ammonia (NH3-TPD) characterization
was performed to compare the acidity of different supports.
TPD of carbon dioxide (CO2-TPD) was performed to compare

Scheme 2. Reaction mechanism of vapor phase aldol condensation reaction

Scheme 1. Gas phase catalytic oxidation of propylene
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the basicity of basic catalysts. The desorption temperature indi-
cated the acid or base strength of the material, and the higher
temperature of desorption, the stronger acid or base strength of
the material. The amount of acid and base sites can be obtained
from the difference of desorption peak area.

As shown in Figure 5, ZSM-5(38) exhibited three kinds
of peaks corresponding to weak (150–200 °C), mediate strong
(200–300 °C), and strong acid sites (above 450 °C). ZSM-5
(200), ZSM-5(500), and Al2O3 presented both weak and

mediate strong acid sites. However, for SiO2 samples, only the
weak acid sites were observed. These indicated that SiO2 was
possessed of the lowest acidity among these kinds of supports;
however, the ZSM-5(38) support showed much stronger acidity
than the other ones. According to the acidity of the supports, it is

Figure 2. IR spectrum of SiO2 and HT-SiO2

Figure 1. X-ray diffraction patterns of the parent supports and modified catalysts

Table 1. Physical properties of different supports and modified catalysts

Catalyst BET specific surface area (m2/g) Pore volume (cc/g) Micropore surface area (m2/g)

Total Micropore

ZSM-5(38) 347.4 0.209 0.086 249.5
ZSM-5(200) 359.9 0.246 0.103 233.5
ZSM-5(500) 357.5 0.248 0.094 203.5
γ-Al2O3 205.5 0.687 0.003 4.13
SiO2 246.0 0.838 0.011 26.91
HT-SiO2 212.4 0.658 0.017 40.29
SiO2(#) 163.4 0.845 0.016 33.43
ZSM-5(500)* 354.8 0.205 0.083 188.3
Cs–ZSM-5(38) 331.7 0.204 0.077 218.5
Cs–ZSM-5(200) 324.9 0.202 0.075 215.7
Cs–ZSM-5(500) 308.6 0.203 0.074 189.8
Cs–γ-Al2O3 127.5 0.538 0.007 3.11
Cs–SiO2 138.9 0.736 0.017 5.31
Cs–SiO2(#) 107.6 0.781 0.015 1.58
Cs–ZSM-5(500)* 300.7 0.194 0.058 170.3
Cs–HT-SiO2 153.2 0.591 0.018 34.78

Figure 3. N2 adsorption–desorption isotherms of different supports at 77K
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clear that the total acidity of the supports can be deduced as SiO2(#)
< SiO2 < ZSM-5(500) < Al2O3 < ZSM-5(200) < ZSM-5(38).
For the zeolite typed by different adhesives, the NH3-TPD was
displayed in Figure 6. The zeolite ZSM-5(500)* typed by silica gel
exhibited lower acid amount than that typed by aluminum oxide,
especially the mediate strong and strong acid.

Figure 7 showed the basicity of modified catalysts by CO2-
TPD patterns. All catalysts exhibited two CO2 desorption peaks
in the range of 150–200 °C and in the range of 200–250 °C,
respectively. For basic zeolite catalysts (Figure 8a), the CO2-
TPD curves of Cs–ZSM-5(38) and Cs–ZSM-5(200) exhibited
larger CO2 adsorption peaks in the range of 150–200 °C, which
corresponded to the base sites with weak strength. The Cs–ZSM-5
(500) and Cs–ZSM-5(500)* samples presented mainly CO2

desorption peaks in the range of 250–300 °C, which corresponded
to base sites with the strong strength. This may be due to the
following reasons. From the NH3-TPD curves, it can be seen that
the ZSM-5(500) and ZSM-5(500)* samples exhibited lower acid-
ity than other zeolite supports. The basic zeolite catalysts with
strong acidity needed cesium species to neutralize the acid sites;
thus, the stronger acidity supports exhibited caused the lower
basicity modified catalysts exhibited. According to the basicity
of the modified zeolite catalysts, it is clear that the total basicity
of the supported catalysts can be deduced as Cs–ZSM-5(500)* <
Cs–ZSM-5(500) < Cs–ZSM-5(200) < Cs–ZSM-5(38). This
result implied that the basicity of modified zeolite catalysts
increased, with the decrease of acidity of the zeolite supports.
The density of base sites was greater on the Cs–ZSM-5(500)*
sample than Cs–ZSM-5(500), so the basic catalyst with strong
basicity could be obtained with the zeolite ZSM-5(500)* typed
by silica gel as a support.

For basic non-zeolite catalysts, the CO2-TPD curves of Cs–γ-
Al2O3, Cs–SiO2, and Cs–SiO2(#) were shown in Figure 8b. All

of the curves exhibited two CO2 desorption peaks, in the range of
150–200 °C and in the range of 200–250 °C, respectively. It can be
easily seen that the basicity of these three supported catalysts can
be deduced as Cs–SiO2 < Cs–γ-Al2O3 < Cs–SiO2(#). The Cs–γ-
Al2O3 sample presented higher basicity than Cs–SiO2. However,
the SiO2 support exhibited lower acidity than γ-Al2O3 (as shown
in Figure 5), because the loading amount of Cs2O over γ-Al2O3

was higher than SiO2 support (as shown in Table S1). Thus, for the
non-zeolite basic catalyst, the highest total basicity was obtained
over Cs–SiO2(#).
2.2. Results of Catalytic Reaction
2.2.1. Aldol Condensation of Methyl Acetate and Form-

aldehyde. The catalytic activity for aldol condensation of form-
aldehyde and methyl acetate over different basic catalysts was

Figure 4. Pore-size distribution of two kinds of SiO2

Figure 5. NH3-TPD of the supports: (a) ZSM-5(38), (b) ZSM-5(200),
(c) ZSM-5(500), (d) Al2O3, (e) SiO2, and (f) SiO2(#)

Figure 6. NH3-TPD of (a) ZSM-5(500) and (b) ZSM-5(500)*

Figure 7. CO2-TPD of modified catalysts
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summarized in Table 2. The different zeolites were all prepared
by typing with aluminum oxide as adhesive. In the process of
catalyst preparation, the theoretical loading content of cesium
oxide was 5 wt.% based on the weight of the supports. In fact,
the actual amount of cesium oxide was between 4.69% and 4.75%
in the whole catalyst from the AAS result (as shown in Table S1).
The molar ratio of the reactants in the feed stream was MeOAc–
HCHO = 6:1, and the mass ratio of HCHO and CH3OH in the
reaction feed was 1:1. The mixed solution was injected in from
the top of reactor using a syringe pump with weight hourly space
velocity (WHSV)= 1.0/h. The sampleswere collected after 60min
and analyzed by gas chromatograph.

The Cs–ZSM-5(38) and Cs–SiO2(#) catalyst exhibited the
best conversion of methyl acetate (CMeOAc) for the catalytic
reaction, while Cs–ZSM-5(38) showed unsatisfactory selectiv-
ity of methyl acrylate. For the basic zeolite catalysts, the con-
version of methyl acetate (CMeOAc) was correlated to the acidity
of the zeolite supports: Cs–ZSM-5(38) > Cs–ZSM-5(200) >
Cs–ZSM-5(500). The modified non-zeolite catalysts exhibited
higher conversion of methyl acetate than Cs–ZSM-5(500) sam-
ples, although the acidity of non-zeolite supports was lower
than ZSM-5(500). The physical properties of modified catalysts
indicated that the modified non-zeolite catalysts had large pore
volume which was beneficial to the diffusion of reactants. Thus,
a higher conversion of methyl acetate was obtained over modi-
fied non-zeolite catalysts than Cs–ZSM-5(500). For zeolite
support with ratio of SiO2–Al2O3 at 500, two adhesives were
used to prepare the typed zeolite, while the physical properties
were similar as shown in Table 1. According to the discussion
above, the zeolite typed by silica gel exhibited lower acidity.
Thus, lower conversion of methyl acetate was obtained over
Cs–ZSM-5(500)*; nevertheless, Cs–ZSM-5(500)* showed
higher selectivity and yield of methyl acrylate because of the
higher basicity. The experimental results showed that SiO2

supports modified with Cs2O (Cs–SiO2(#) and Cs–SiO2)

displayed much better selectivity of methyl acrylate than γ-
Al2O3 support. The CO2-TPD of non-zeolite basic catalysts
indicated that Cs–γ-Al2O3 exhibited higher basicity than Cs–
SiO2. This may be because Cs–SiO2 possessed higher pore
volume as shown in Table 1. Thus, for the mesoporous sup-
ports, the basicity and the pore volume of the modified catalysts
were two main factors on the selectivity and yield of methyl
acrylate. Among the basic catalysts prepared by different sup-
ports, the Cs–SiO2(#) was the best catalyst for this aldol con-
densation, and 8.83% of yield of methyl acrylate was obtained
over this catalyst.
2.2.2. Effects of Reaction Temperature. The reaction was

performed at a range of 360 °C to 400 °C in order to study the
effect of reaction temperature. The catalytic activity of Cs–SiO2

and Cs–ZSM-5(500) catalysts was shown in Figure 8. From
Figure 8(a), it can be easily seen that the conversion of MeOAc
increased with increasing the reaction temperature below 380 °C
over Cs–SiO2 as the catalyst for the aldol condensation. Also, the
highest conversion of MeOAc (17.65%) was obtained at 380 °C
as the reaction temperature. At higher reaction temperature, the
selectivity of MA decreased sharply from 50.05% to 31.74%.
When the temperature was risen to 400 °C, the selectivity of MA
decreased to 26.41%. That was attributed to the more acetic acid
produced in higher reaction temperature. Thus, for Cs–SiO2

catalyst, the optimum reaction temperature for this catalytic reac-
tion was 380 °C, and 6.34% of yield of MA was obtained. The
catalytic performance of Cs–ZSM-5(500) at different reaction
temperature implied that catalytic activity increased with increas-
ing the reaction temperature. The best catalytic activity was
obtained at 390 °C over Cs–ZSM-5(500) as the catalyst. The
maximum selectivity of MA was 29.86% and yield of MA was
2.67%. The optimum reaction temperature for basic zeolite cata-
lyst was higher than basic SiO2 catalyst because of the lower
basicity.
2.2.3. Effect of HCHO–MeOAc Molar Ratio. The effect of

HCHO–MeOAc molar ratio was also investigated in this paper.
The catalyst was prepared with SiO2 support. The amount of
cesium was 4.73% (as mentioned in Table S1). It can be seen
that in Table 4, with the increase of HCHO–MeOAc molar ratio

Table 2. The performance of aldol condensation over basic catalysts
prepared on different supports

Catalysts CMeOAc (%) SMA (%) YMA (%)

Cs–ZSM-5(38)a 33.79 6.01 2.03
Cs–ZSM-5(200)a 15.85 16.13 2.56
Cs–ZSM-5(500)a 8.95 29.86 2.67
Cs–ZSM-5(500)* 8.17 35.6 2.91
Cs–γ-Al2O3

b 14.91 15.95 2.38
Cs–SiO2

b 16.85 37.63 6.34
Cs–SiO2(#)

b 17.65 50.05 8.83

Reaction feed: MeOAc: HCHO = 6:1 (mol); HCHO: CH3OH = 1:1 (wt.).
aReaction temperature: 390 °C.
bReaction temperature: 380 °C.

Figure 8. Catalytic performance at different reaction temperature: (a) Cs–SiO2 and (b) Cs–ZSM-5(500

Table 3. Effect of HCHO–MeOAc molar ratio on the catalytic
performances

HCHO–MeOAc molar ratio in the
reaction feed

CMeOAc

(%)
SMA

(%)
YMA

(%)

2:1 15.52 35.80 5.56
6:1 16.85 37.63 6.34
10:1 17.90 38.87 6.96

Reaction feed: HCHO–CH3OH = 1:1 (wt.); reaction temperature : 380 °C.
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from 2:1 to 10:1, the yield of MA based on the MeOAc feed
was increased from 5.56% to 6.96%, as the utilization ratio of
formaldehyde was increased.
2.2.4. Formation of the By-products. The selectivity of

objective product is an important factor for the activity of
catalysts. It could be seen in Table 2 that the basicity of modi-
fied catalysts was the important influence factor on the selec-
tivity and yield of methyl acrylate. For modified zeolite
catalysts, the Cs–ZSM-5(500) sample with highest basicity
showed the best selectivity and the yield of methyl acrylate.
Also, Cs–SiO2(#) showed the best selectivity of methyl acrylate
among all these catalysts.

Acetone was the main by-product in the catalytic reaction.
Figure 9 showed the mass percentages of methyl acrylate, acetic
acid, and acetone in the obtained product. The modified SiO2

catalysts and zeolite with the ratio of SiO2–Al2O3 at 500
exhibited no selectivity of acetone, and no acetone was identi-
fied in the products, while Cs–ZSM-5(38) exhibited the highest
mass percentage of acetone at 22.17%. The mass percentage of
acetone can be deduced as Cs–ZSM-5(38) (22.17%) > Cs–
ZSM-5(200) (25.80%) > Cs–γ-Al2O3 (7.91%) > Cs–ZSM-5
(500) = Cs–ZSM-5(500)* = Cs–SiO2 = Cs–SiO2(#), which was
correlated to the acidity of the supports. In other words, the

catalysts modified by ZSM-5(38) with the strongest acidity
exhibited the highest selectivity of acetone as a by-product.
Li J. et al. [23] suggested the formation mechanism of 3-penta-
none during the aldol condensation of propionic acid and form-
aldehyde as shown in Scheme 3. Two propionic acid molecules
reacted to form 3-pentanone by self-condensation. In order to
confirm the formation mechanism of acetone in this work, only
methyl acrylic was injected to the reactor as a reaction feed over
Cs–ZSM-5(38) catalyst. The result showed that the selectivity
to acetone was 16.89%. Thus, the formation of acetone was the
self-condensation of acetic acid by the hydrolysis of methyl
acetate (Scheme 4). Also, zeolite with high molar ratio of silica
to alumina ZSM-5 (SiO2–Al2O3 = 500) and SiO2 with lower
acidity as a support could prevent the formation of acetone and
inhibited the best selectivity of methyl acrylate.

Formalin was chosen as the source of formaldehyde in this
work. The hydrolysis of MeOAc was unavoidable in the pres-
ence of water and the basicity of these basic catalysts. For the
source of formaldehyde, trioxane and methylal could be also
used. Mamoru Ai [16] studied the effect of water in the reaction
feed on the catalytic activity of aldol condensation between
formaldehyde and methyl propionate. They found that the
decrease of selectivity of desired products was not obvious,
although the water promoted the hydrolysis of esters. Here,
the formation of acetic acid was studied over Cs–SiO2 and
Cs–HT-SiO2 as basic catalyst. The molar ratio of the reactants
in the feed stream was MeOAc–HCHO = 10:1 and the mass
ratio of HCHO and CH3OH in the reaction feed was 1:1. Cs–
HT-SiO2 prepared by SiO2 after hydrothermal treatment as
support showed lower selectivity of acetic acid than Cs–SiO2,
while the conversion of methyl acetate decreased obviously.
The hydrophobicity of SiO2 increased after hydrothermal treat-
ment by water, so the hydrolysis of methyl acetate decreased.
As a result, the hydrophobicity of SiO2 could inhibit the for-
mation of acetic acid.
2.2.5. Effect of Reactants Diffusion. In heterogeneous cat-

alysis, the reactants should firstly diffuse to the catalyst surface
and adsorb onto the active sites. After reaction, the products
would desorb from the surface and diffuse away. Thus, the
effect of reactant diffusion is crucial to the catalytic perform-
ance as well as the intrinsic physicochemical properties of
catalysts. In order to study the effect of reactants diffusion on
catalytic performance, Figure 10 displays the relationship
between BET surface area and conversion of methyl acetate
(CMeOAc) and relationship between BET surface area and yield
of methyl acrylate (YMA), respectively. For mesoporous basic
catalysts (Cs–γ-Al2O3, Cs–SiO2, and Cs–SiO2(#)), BET surface
area was irrelevant to conversion of MeOAc and yield of MA,
which means that internal diffusion has unremarkable effect on

Scheme 3. Formation mechanism of 3-pentanone during the aldol condensation of propionic acid and formaldehyde

Table 4. The performance of aldol condensation over Cs–SiO2 and Cs–
HT–SiO2

Catalysts CMeOAc (%) SMA (%) YMA (%) SAA (%)

Cs–SiO2 17.90 38.87 6.96 61.13
Cs–HT-SiO2 12.87 46.91 6.04 53.09

Reaction feed: MeOAc–HCHO = 10:1 (mol), HCHO–CH3OH = 1:1
(wt.).

Reaction temperature: 380 °C.

Figure 9. Mass percentages of MA, CH3COOH, and C3H6O in
obtained products

Scheme 4. Formation mechanism of acetone during the aldol condensation of methyl acetate and formaldehyde
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catalytic performance. The diffusion of reactants and products
in the pore benefited from the large pore diameter and pore
volume of mesoporous basic catalysts. However, BET surface
area was relevant to conversion of MeOAc and yield of MA for
zeolite basic catalysts because of the effect of internal diffusion.
Most of the active sites existed inside the pore for microporous
catalysts that make more possible the self-condensation and
hydrolysis of methyl acetate than the two-molecule aldol con-
densation reaction. Cs–ZSM-5(38) with large specific surface
area showed highest conversion of methyl acetate and lowest
yield of methyl acrylate.

The effects of the WHSV used, i.e., contact time for the
catalytic performance, were studied. The results are shown in
Table 3. For the same catalyst with same particle size, aldol
condensation was performed under same temperature. It was
found that the conversation of methyl acetate decreased with
increasing the WHSV from 0.5 to 2.5 as a result of the shorter
residence time of the reactants in the reactor. On the other hand,
the selectivity of methyl acrylate obtained decreased as the
contact time reduced. It is found that the rate of hydrolysis of
methyl acetate to acetic acid was much more rapid than that of
aldol condensation of formaldehyde and methyl acetate accord-
ing to Figure 11 because of external diffusion. For Cs–ZSM-5
(500), the selectivity of methyl acrylate decreased more sharply
with increasing the WHSV than for Cs–SiO2 (Table 5). Thus,
the hydrolysis of methyl acetate occurred more easily over
supported zeolite catalyst.

3. Conclusions

The formation of methyl acrylate from methyl acetate and
formaldehyde has been studied over a series of basic zeolite and
non-zeolite catalysts in a continuous-flow reactor. These basic
catalysts showed a high conversion of methyl acetate, but a low
selectivity towards the formation of methyl acrylate on basic
zeolite catalysts, except for zeolite with the SiO2–Al2O3 molar
ratio of 500. For this catalytic reaction, acetone and acetic acid
were the two main liquid side products. The NH3-TPD charac-
terization showed that the formation of acetone was related with
the acid sites over the catalysts and its mechanism was the self-
transform of methyl acetate. ZSM-5 (SiO2–Al2O3 = 500) and
SiO2 with low acidity could prevent the formation of acetone
and showed the best selectivity of methyl acrylate as support.
Two adhesives were used to prepare typed ZSM-5(500) cata-
lysts. The typed ZSM-5 with pure silica gel as the adhesive
exhibits lower acid amount, and higher selectivity of methyl
acrylate was obtained. The hydrolysis of methyl acetate was
inhibited over Cs–HT-SiO2 prepared by SiO2 after hydrother-
mal treatment as the increase of hydrophobicity of catalyst. The
SiO2(#) support showed the best selectivity of methyl acrylate
among these supports. Not only the acidity and basicity of
supports but also the pore structure of the supports could influ-
ence the catalytic activity. The catalytic performance of zeolite
basic catalysts was more obviously influenced by reactant dif-
fusion than non-zeolite catalysts. The internal diffusion resulted
in the correlation of specific surface area with the conversion of
methyl acetate. The conversion of methyl acetate decreased
with increasing the WHSV due to the external diffusion.

4. Experimental

4.1. Catalyst Preparation. Different ZSM-5 zeolite powders
and spherical γ-Al2O3 and SiO2 supports were obtained from
commercial companies. The zeolites were first typed with alu-
minum oxide or silica gel as adhesive. 30 wt.% aluminum oxide
and 5 wt.% sesbania were mixed with zeolite powder, and
appropriate 3 wt.% HNO3 was added into the mixture. The
ZSM-5 support was obtained finally by kneading and extruding.
For silica gel as adhesive, 20 wt.% silica gel and 5 wt.%
sesbania were mixed with zeolite powder, and then appropriate
deionized water was added into the mixture. The basic catalysts
were prepared by vacuum impregnation of the supports with
cesium carbonate solution as base precursor; however, the sup-
ports were first dried at 300 °C for 3 h. The concentration of the
cesium carbonate was determined by the desired Cs2O-loading
(5 wt.% based on the quality of the support), and the amount of
water the support can absorb during the impregnation. The
impregnated catalysts were dried overnight in air at 100 °C
and then calcined in flowing air at 520 °C (for zeolites) or
600 °C (for non-zeolites) for 1 h. All the basic catalysts were

Figure 10. Relationship between BET surface area and CMeOAc; rela-
tionship between BET surface area and YMA

Table 5. Effect of WHSVon the catalytic performances

WHSV
(/h)

Cs–ZSM-5(500)a Cs–SiO2
b

CMeOAc

(%)
SMA

(%)
YMA

(%)
CMeOAc

(%)
SMA

(%)
YMA

(%)

0.5 10.33 37.26 3.85 21.54 41.68 8.98
1.0 8.95 29.86 2.67 16.85 37.63 6.34
1.5 8.13 24.49 1.99 14.98 33.77 5.06
2.0 7.84 19.33 1.52 13.21 30.93 4.09
2.5 6.97 10.51 0.73 10.84 25.74 2.79

Reaction feed: MeOAc–HCHO = 6:1 (mol); HCHO–CH3OH = 1:1(wt.).
aReaction temperature: 390 °C.
bReaction temperature: 380 °C.

Figure 11. Effect of WHSVon SMA/CMeOAc
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denoted as Cs–ZSM-5(SiO2–Al2O3), Cs–γ-Al2O3, and Cs–
SiO2, respectively.

Hydrothermal treatment was carried out using a quartz reac-
tor. Ten grams of SiO2 was packed in the middle of the reactor
tube. Before hydrothermal treatment, the furnace was heated to
773 K at a rate of 2 K/min and held at it for 1 h. Meanwhile,
100% water was fed at a rate of 1 g H2O/g SiO2/h through a
syringe pump. The obtained sample was denoted as HT-SiO2.
4.2. Catalyst Characterization. The crystal structure of the

catalysts was studied by X-ray diffraction (XRD) on a Bruker
Foucs D8 diffractometer with a Cu Kα radiation source at
the operating voltage of 40 kV, and the 2θ angular regions from
10° to 70° for non-zeolite catalysts and 5° to 70° for zeolite
catalysts were investigated at a scan rate of 0.02°/s. IR spectra
were recorded on a Nicolet 380 spectrometer using KBr pellets.
The N2 adsorption and desorption isotherms were measured by
a NOVA 2200e at 77 K. Meanwhile, the samples were firstly
outgassed at 50 °C for 30 min and then at 300 °C for 3 h.

The acidity and basicity of the supports and catalysts were
measured by temperature-programmed desorption of ammonia
(NH3-TPD) and carbon dioxide (CO2-TPD) on a PX200 TPD/
TPR instrument. Two hundred milligrams of sample was heated
in a flow of N2 (45 mL/min) at 500 °C for 1 h and then cooled to
120 °C. Then the sample was saturated with 10%NH3-He or
10%CO2-He (20 mL/min) at this temperature for 30 min. After
purging with pure nitrogen at 120 °C for about 1 h until the
baseline was stable, the TPD was performed under a N2 flow
(45 mL/min) by heating the sample from 120 °C to 550 °C with
a heating rate of 10 °C/min.
4.3. Reaction Procedure. Methyl acetate (≥99.0%), form-

aldehyde (aqueous solution of 36% HCHO), and methanol are
analytical grade. Cesium carbonate (99.9%) is industrial grade.

The aldol condensation reaction was carried out in a single
pass, fixed bed flow reactor system at atmospheric pressure.
The reactor was made of a stainless steel tube, 1.5 cm inner
diameter, mounted vertically in the furnace. Formalin, an aque-
ous solution of HCHO (36%), was used as a source of form-
aldehyde. HCHO was dissolved in methyl acetate, and
methanol was added into the reaction feed in order to avoid
the hydrolysis of MeOAc and the side product acetic acid. The
mixed solution was injected in from the top of reactor using a
syringe pump, and nitrogen was fed in from the top of the
reactor. The product was collected and analyzed by an
HP5890 gas chromatograph equipped with a 30 m HP Innowax
capillary column and a flame ionization detector (FID).

The activity of catalyst was measured by testing the conver-
sion of MeOAc; the selectivity and yield of MA and acetone
were calculated by eqs. (1)–(5).
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CMeOAc (Conversion of MeOAc) =MeOAcin;mol − MeOAcout;mol

MeOAcin;mol
�100% (1)

SMA (Selectivity of MA) = MAout;mol

MeOAcin;mol − MeOAcout;mol
�100% (2)

Sacetone (Selectivity of acetone) = 2 � acetoneout;mol

MeOAcin;mol − MeOAcout;mol
�100% (3)

YMA (Yield of MA) = Conversion of MA × Selectivity of MA (4)

Yacetone (Yield of acetone) = Conversion of acetone × Selectivity

of acetone (5)
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