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1. Introduction and further poses a risk of explosion due to the direct mixing of

hydrocarbons with oxygen/air, which limits the widespread

Acrylic acid (AA) and methyl acrylate (MA), widely used for
paintings, coatings, carbon fibers, and adhesives, are presently
produced by the two-step oxidation of propylene [1-5]. In this
process, propylene is oxidized with oxygen/air to produce
acrolein followed by oxidation of acrolein to AA. After the es-
terification of AA with methanol, AA is converted into MA.
However, this two-step process is accompanied by the
over-oxidation of propylene, resulting in a low selectivity of AA,

application of this route. Therefore, it is highly necessary to
develop a novel green route for MA and AA synthesis.

The synthesis of MA and AA through the one-step aldol
condensation reaction of formaldehyde with methyl acetate
(MACc) has attracted substantial interest and concern from both
academic and industrial communities in the past few decades
because of its simplified reaction route and common feed-
stocks, which can be readily derived from natural gas, coal, and
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biomass [6,7]. This reaction has been reported to be catalyzed
by acids, bases, or base-acid bifunctional catalysts, among
which acid-base bifunctional catalysts attract most attention
owing to their good performance in aldol condensation reac-
tions as a result of cooperation between their acid and base
active sites. For example, it was reported that the yield of me-
thyl methacrylate over supported cesium oxide catalysts was
not more than 23.0% during the aldol condensation reaction of
methyl propionate and formaldehyde [8,9], but the yield was
doubled over cesium catalysts doped with other metals with
acid-base bifunctional properties [10]. In addition, V-P oxide
catalysts attract much academic attention owing to their simi-
lar acid-base bifunctional properties. Spivey et al. [11] evaluat-
ed at least 80 catalytic materials and found V oxides supported
on amorphous silica to be the most effective. Ai [12-17] con-
ducted the aldol condensation reaction of propionic acid with
formaldehyde over V-P-Si samples and obtained a yield of
70% at the optimum experimental conditions. Gogate et al. [18]
studied the vapor phase aldol condensation reaction of for-
maldehyde with propionate derivatives over a series of V-P-Si
catalysts of varying atomic ratios and obtained a maximum
methacrylic acid yield of 56%. V-P-Si catalysts also perform
well in the aldol condensation reaction of formaldehyde with
other carbonyl compounds, such as acetone or acetaldehyde
[19-21].

The effect of the acid-base bifunctional property of V-P-Si
ternary oxide catalysts was studied in the case of the aldol
condensation of acetic acid or methyl acetate with formalde-
hyde to prepare MA and AA. Hu et al. [22] prepared V-P-Si
catalysts with high acid and alkali quantities by the incipient
wetness impregnation method and found that the activities of
these catalysts for the conversion of formaldehyde increased
with an increase in the alkali quantity, while the selectivity for
acrylic acid increased with an increase in the acid quantity. This
means that the acid-base properties of these catalysts play a
significant role in enhancing both precursor conversion and
product selectivity. Yang et al. [23] found that weak base sites
were essential for aldol condensation, while weak acid sites
were responsible for improvement in the selectivity of acrylic
acid over a series of V-P-Si catalysts. Feng et al. [24] studied
the correlation between the catalyst structure and constitution
of a V-P catalyst and its performance in the aldol condensation
reaction of acetic acid or methyl acetate and formaldehyde and
found that catalysts containing medium-strong acid sites of
high density performed much better. In our previous work on
the aldol condensation reaction of formaldehyde with methyl
acetate over a pure acidic H-form of a zeolite to produce MA
and AA, we reported an optimum yield as high as 61.1% [25]. It
seems that base sites as well as acid sites are greatly helpful in
catalyzing aldol condensation reactions.

Herein, we prepared a series of zeolites supported by vary-
ing weight percentages of cesium oxide by an incipient wetness
impregnation method in order to study the effect of base sites
or acid sites on the performance of the aldol condensation re-
action. Dimethoxymethane (DMM) was used as the source of
formaldehyde. The textural and acid-base properties of these
samples were characterized in detail and their relationship

with the performance of the aldol condensation reaction was
illustrated.

2. Experimental
2.1. Catalyst preparation

Zeolites (ZSM-35) and y-Al203 were purchased from the
Shanghai Zhuoyue Chemical Limited Company, China. The zeo-
lite sample was converted into a H-form of HZSM-35 before use
by conducting ion exchange thrice at 80 °C for 6 h in 1 mol/L
NH4NO;3, followed by washing with deionized water, drying at
100 °C overnight, and calcination at 550 °C for 4 h.

To synthesize the zeolite-supported alkaline metal cesium
oxide catalysts, the HZSM-35 zeolite precursor was impreg-
nated with an aqueous solution containing varying amounts of
Cs2C03. The mixture was heated with stirring at 50 °C for at
least 5 h until a paste-like material is formed and then dried in
an oven. The dried sample was calcined in flowing air at 500 °C
for 4 h. The sample was denoted as Z-Cs-X, where Z denotes
zeolite and X refers to the weight percentage of the alkaline
metal. Before use, the sample powder was pressed and sieved
to obtain particles in the size range of 20-40 mesh. We also
prepared silica-supported alkaline metal oxide samples using a
similar method.

2.2. Characterization

The crystallinities of the samples were characterized by a
PANalytical X’Pert PRO X-ray diffraction (XRD) instrument with
Cu Keradiation (A = 1.51059 A) at 40 kV and 40 mA.

The total surface area was calculated according to the
Brunauer-Emmett-Teller (BET) equation. The micropore vol-
umes and micropore surface areas were evaluated using the
t-plot method. The mesopore volumes were calculated using
the Barrett-Joyner-Halenda (BJH) method.

The bulk acidity of the zeolite was determined by the tem-
perature-programmed desorption of ammonia (NH3-TPD) on a
Micromeritics AutoChem 2920 instrument. The sample (0.2 g)
was loaded in a U-shaped microreactor and preheated at 550
°C for 0.5 h in a helium atmosphere. After cooling to 100 °C, the
sample was saturated with ammonia, followed by purging with
helium to remove physically adsorbed ammonia molecules.
Ammonia desorption was conducted in a flowing helium at-
mosphere (30 mL/min) by heating from 100 to 650 °C at a rate
of 10 °C/min; desorption was analyzed using a thermal con-
ductivity detector (TCD).

Fourier transform infrared (FT-IR) spectroscopy was con-
ducted at a spectral resolution of 4 cm-1 on a Bruker Tensor 27
FT-IR  spectrophotometer equipped with a
ry-cadmium-telluride (MCT) detector, which was sensitive to
-OH group vibrations. The sample was pressed into a
self-supporting disk with a diameter of 13 mm. The disk was
then put in a quartz cell connected to a vacuum system, sealed
with CaF2 windows, and then heated up to 450 °C for at least 4
h to remove any retained water before collecting the spectra.
Pyridine adsorption was analyzed by exposing the preheated

mercu-
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disk to a pyridine vapor at room temperature. All the spectra
were collected at the room temperature.

Thermogravimetric analysis (TGA) was conducted on a
thermogravimetric analyzer (Q600 SDT/Omnistar). About 10
mg of the deactivated sample was placed in an Al203 crucible
and then heated from room temperature to 800 °C at a rate of
10 °C/min with a purging air flow of 100 mL/min.

2.3. Catalytic test

The aldol condensation reaction of DMM and MAc was car-
ried out at 350 °C with 0.5 g of the sample (20-40 mesh) on a
fixed-bed reactor. The system pressure was set at 3 MPa. DMM
and MAc precursors in two separate stainless steel tubes held
at 20 °C were bubbled into the reaction tube using an N: flow
(30 mL/min). The obtained products were analyzed by an
online gas chromatograph (GC) equipped with a flame ioniza-
tion detector (FID) connected to a FFAP capillary column. The
conversion of DMM to MAc was defined in terms of the molar
ratio of consumed precursor to the feed. The yield was calcu-
lated as (moles of MA and AA)/(moles of MAc fed).

3. Results and discussion

3.1. Characterization of zeolite samples with varying weight
percentages of cesium

As shown in Fig. 1, HZSM-35 exhibits a typical crystalline
ferrierite (FER) framework with clear diffraction peaks at 9.2°,
25.2°, and 25.7°. The morphology of the zeolite, as character-
ized by scanning electron microscopy (SEM) (Fig. S1), indicates
typical flake-packing. No new diffraction peaks appear after the
impregnation of cesium oxide, indicating that no fused cesium
oxide phase exists in the prepared samples.

The nitrogen adsorption-desorption isotherms of the sam-
ples are shown in Fig. 2 and their textual properties are listed
in Table 1. HZSM-35 zeolite exhibits an isotherm typical of a
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Fig. 2. Nitrogen adsorption-desorption isotherms of ZSM-35 zeolites
with different weight percentages of cesium.

microporous material with a weak hysteretic loop due to the
presence of inter-crystal mesopores. The BET surface area
changes slightly from 262 to 258 m2/g when 1 wt% cesium was
used as the support. Further, there occurs a small decrease in
the micropore volume from 0.105 to 0.100 cm3/g, indicating
that the cesium oxide support is distributed uniformly on the
zeolite surface without greatly altering its textural properties.
The BET surface area decreases from 262 to 231 m2/g at a ce-
sium weight percentage of 5 wt%, while the micropore volume
decreases from 0.105 to 0.086 cm3/g although the external
surface does not decrease much (from 47 to 45 m?/g). Mi-
cropore blockage becomes more severe with a decrease in the
micropore volume from 0.105 to 0.063 cm3/g at a cesium
weight percentage of 10 wt%; this is accompanied by reduc-
tions in the BET surface area (from 262 to 173 m2/g) and the
external surface area (from 47 to 38 m2/g). This suggests that a
cesium weight percentage greater than 5 wt% is excessive for
supporting the zeolite and would cause a severe blockage of the
sample’s textural properties. This is especially true in the case
of micropores.

The results of NH3-TPD curves of samples with different
weight percentages of cesium are shown in Fig. 3. In the case of
the HZSM-35 zeolite, two typical desorption peaks of ammonia
are observed at 169 and 405 °C, suggesting that two types of
acid sites, including weak and strong ones, are distributed in
the H-form of the zeolite. However, the number of acid sites,
especially the strong ones, experiences a sharp decrease after
impregnation with 1 wt% cesium, which indicates that a large

Table 1
Textural properties of samples with different cesium weight percent-
ages.

Sample Aver (m2/g) Agxe-BET Vmicro Vmeso Veotal
; . Ao st Nn (m?/g)  (cm’/g) (cm’/g)  (cm’/g)
10 20 30 40 50 Zeolite * 262 47 0.105 0.075 0.180
o Z-Cs-1wt 258 50 0.100 0.077 0.177
20 ( ) Z-Cs-5wt 231 45 0.086 0.078 0.164
Fig. 1. XRD patterns of HZSM-35 zeolite supported by different weight Z-Cs-10wt 173 38 0.063 0.072 0.135

percentages of cesium.

* HZSM-35 zeolite.
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Fig. 3. Acidic properties of zeolites supported by varying weight per-
centages of cesium, as characterized by NH3-TPD.

proportion of the acid sites is covered by alkaline metal oxides.
If the weight percentage of cesium increases to 5 wt%, or even
10 wt%, no peaks corresponding to ammonia desorption could
be detected at either low temperatures or high temperatures,
which suggests that no acidic sites exist on these two samples.
It also means that there are no acid sites available for the aldol
condensation reaction. We propose that these acidic sites are
covered by cesium oxide after taking into account the fact that
most of the pores are blocked at such high weight percentages
of cesium, as described in Table 1.

3.2.  Effect of base sites on the aldol condensation of DMM and
MAc

DMM decomposes readily over acidic zeolite catalyst with a
conversion of 100%, as depicted in Fig. 4. Its conversion does
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Fig. 4. Effect of cesium weight percentage on DMM and MAc conversion
over zeolite supports. Cesium weight percentage was based on that of
cesium element; Zeolite refers to HZSM-35, Si02/Al.03 = 79, reaction
temperature of 350 °C, system pressure of 3 MPa with N equilibrium
gas, nomm/nvac = 2/1. The saturated vapor pressures of DMM and MAc
were 43.3 and 23.0 kPa, respectively.

not change (still 100%) with 1 wt% cesium as the support.
However, it reduces to about 10% with Z-Cs-5wt and even
becomes zero in the case of Z-Cs-10wt. These results make it
obvious that cesium oxide supports are harmful to DMM de-
composition. This is also true for MAc precursors, whose con-
version drops to 20% at a cesium weight percentage of more
than 5 wt%. Considering the fact that the alkalinity of the sam-
ples is greatly enhanced by the introduction of cesium oxide,
we suggest that alkalinity is not helpful in enhancing either
DMM or MAc conversion.

Conversion of either DMM or MAc on the ZSM-35 zeolite is
not adversely affected by the Z-Cs-1wt sample. We know that a
large number of acid sites in the Z-Cs-1wt sample are covered
by the cesium oxide support, as illustrated in Fig. 3, resulting in
an obvious decrease in the strengths of the ammonia desorp-
tion peaks at both low and high temperatures. This means that
these acidic sites covered by cesium oxide are not necessary for
the conversion of DMM and MAc. The remaining acid sites in
Z-Cs-1wt are enough to trigger the conversion of the precur-
sor. However, if the remaining acid sites of the sample are cov-
ered, as in the case of 5 wt% cesium or even 10 wt% cesium,
DMM and MAc conversion falls sharply, as shown in Fig. 4,
which suggests that acidity is indispensable for the conversion
of precursors in an aldol condensation reaction. But not all the
acids in the HZSM-35 zeolite tend to favor aldol condensation.
For instance, an obvious initial period of about 2 h is observed
in the HZSM-35 zeolite, as shown in Fig. 4, during which the
incipient conversion of MAc at TOS = 0.5 h is 78% and then falls
to 50% rapidly. A large amount of coke is quickly formed in this
period (first 2 h), as shown in Fig. S2. This initial period disap-
peared when ZSM-35 was supported with varying weight per-
centages of cesium. Taking into account the fact that a large
number of strong acid sites in ZSM-35 zeolite are covered by
the supporting cesium oxide, we propose that strong acids in
the H-form of the zeolite cause deactivation.

The effect of added cesium oxide on the yield of MA and AA
is shown in Fig. 5. In the initial period (first 2 h), the yield of MA
and AA with the HZSM-35 zeolite is very low, whereas a large
quantity of hydrocarbon byproducts are produced due to the
unavoidable methanol-to-olefin-like process at such high reac-
tion temperatures. This period disappears immediately if zeo-
lites are supported with cesium oxide, which in turn proves
that an excess of strong acids in the HZSM-35 zeolite contrib-
to by-reactions. Alkalinity prohibits the
by-reactions caused by strong acids in the HZSM-35 zeolite.
Similarly, alkalinity limits the production of MA and AA. For
instance, the yield of MA and AA with the Z-Cs-1wt sample is
lower than that of the HZSM-35 zeolite in the same reaction
time, as shown in Fig. 5. The yield further drops from 28% in
the HZSM-35 zeolite to just 3% in Z-Cs-5wt and even to zero in
Z-Cs-10wt, indicating that the supporting cesium oxide does
harm rather than good in the aldol condensation reaction of
DMM and MAc to produce MA and AA.

Our results show that cooperation between bases and acids
is not helpful for the aldol condensation reaction; this observa-
tion is inconsistent with the conclusion of published papers,
which reported that a combination of base and acid enhanced

utes mainly
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Fig. 5. Variation in MA and AA yield with reaction time over zeolites
supported with different weight percentages of cesium. Zeolite:
HZSM-35, Si02/Al203 = 79, 350 °C, 3 MPa with Nz equilibrium gas, and
nomm/nuac = 2/1. The saturated vapor pressures of DMM and MAc were
43.3 and 23.0 kPa, respectively.

the aldol condensation reaction. To analyze this discrepancy,
we performed the aldol condensation of DMM and MAc over
pure alkaline metal oxide catalysts, such as Naz0, K20, and Cs20
supported on non-acidic silica prepared by a traditional wet-
ness impregnation method, as shown in Table S1. Surprisingly,
the DMM precursor hardly decomposed over these pure alka-
line metal oxide catalysts and could not provide enough for-
maldehyde to ensure the occurrence of aldol condensation with
the MAc precursor. On the contrary, DMM decomposes imme-
diately into formaldehyde upon contact with acidic catalysts,
for instance the H-form of the zeolite, whose mass signal (m/z =
29) is clearly recorded by mass spectrometry (MS), as illus-

trated in Fig. S3. This fact shows that acidic sites are indispen-
sable for the aldol condensation reaction of DMM and MAc to
produce acrylic acid and methyl acrylate.

Now, it is clear that acidic sites are essential to trigger the
aldol condensation reaction of DMM and MAc. Without acidic
sites, this reaction would not occur. However, a strong acid
contributes mainly to the by-reactions rather than the aldol
condensation reaction. It seems that medium or weak acids are
favorable for this reaction. Therefore, a type of y-Al203 with
abundant weak acid sites, together with a few medium-strong
acid sites, was applied as a catalyst to verify this hypothesis.

3.3.  Efficiency of y-Alz03 in the aldol condensation reaction

The y-Al203 sample consists of AlOs octahedra and AlOs tet-
rahedra with a slightly tetragonally distorted face-centered
cubic lattice structure. Its Lewis acidity is generally derived
from the coordinatively unsaturated aluminum ions [26,27]. In
this study, the acidic properties of y-Al203 are studied by FT-IR
characterization using pyridine as the probe molecule, as
shown in Fig. 6. Three negative peaks at 3733, 3677, and 3600
cm-1 appear in the OH region with a small shoulder peak at
around 3751 cm-! upon the adsorption of pyridine vapor at
room temperature. The peak at 3600 cm-! disappears after
desorption under vacuum for 30 min at 150 °C followed by the
disappearance of the peaks at 1611, 1591, and 1443 cm-l,
which are bands typical of physically absorbed pyridine, but
one typical band at 1452 cm-! of pyridine absorbed on Lewis
acids can still be observed after desorption [28-31]. The three
bands at 1624, 1617, and 1579 cm-! are assigned to three types
of Lewis acid sites of five, four, and three-coordinate Al3+ ions,
respectively. By integrating the peak at 1452 cm-1, which
stands for the interaction of pyridine with the total Lewis acids
available, we can calculate that the total acid amount of the
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Fig. 6. FT-IR spectra of the y-Al203 sample with pyridine as a probe molecule. All the above spectra detracted from that of the pure y-Al.03 sample.
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v-Al203 sample is 0.14 mmol/g. The strength of the peak at
1452 cm-1 decreases greatly after desorption at 350 °C for 30
min with an acid amount of 0.02 mmol/g and even disappears
at 450 °C. At such high desorption temperatures, only interac-
tions between pyridine with medium-strong and strong Lewis
acids could be detected in the FT-IR spectrum. However, we
observed one small absorption peak in the y-Al203 sample at
such high temperatures. It means that weak Lewis acids, rather
than strong acids, exist predominantly in the y-Al203 sample
together with a small quantity of medium-strong Lewis acids.
NH3-TPD results of the y-Al203 sample, as shown in Fig. S4,
indicated an obvious desorption peak of weak-strength acids at
alow temperature of 200 °C, which supported our hypothesis.

The aldol condensation reaction of DMM and MAc was con-
ducted over the weak Lewis acidic sample (y-Al203) to evaluate
whether the aldol condensation reaction can be triggered. The
reaction performance over the y-Al203 sample is depicted in
Fig. 7. DMM is completely converted with a conversion of
100%, indicating that such a weak acid is capable of catalyzing
the decomposition of DMM into formaldehyde. Similarly, MAc
conversion is very close to that obtained with HZSM-35. But
this process proceeds much more smoothly without an obvious
initial period. It is evident that the y-Al203 sample is capable of
converting both DMM and MAc precursors to produce MA and
AA. The yield of MA and AA is ~15% over the y-Al203 sample.
Though the yield is lower than that on HZSM-35 zeolite, the
products obtained are more stable with a shorter initial period.
To exclude systematic errors, we conducted the experiment
once again at the same reaction conditions (blue line in Fig. 7)
and achieved an excellent repeatability. Therefore, it is clear
that a weak Lewis acid is enough to trigger the aldol condensa-
tion reaction of DMM and MAc to produce MA and AA with both
good activity and stability.

A comparison between the aldol condensation reaction
performances of the y-Alz203 sample and HZSM-35 zeolite is
depicted in Fig. 8. DMM decomposes readily with both catalysts
with 100% conversion, which proves that an acid is necessary
for DMM decomposition. In the case of the MAc precursor, it
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Fig. 7. Aldol condensation reaction performance over the y-Al203 sam-
ple with a good repeatability. Reaction temperature of 350 °C, 3 MPa
with N2z as the equilibrium gas, the saturated pressures of DMM and
MAc were 43.3 and 23.0 kPa, respectively, GHSV=7.2 Lg1h-L
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Fig. 8. Comparison of the aldol condensation reaction performances of
y-Al203and HZSM-35. Reaction conditions: 350 °C and 3 MPa with N as
the equilibrium gas; The saturated pressures of DMM and MAc were
43.3 and 23.0 kPa, respectively, GHSV=7.2 L g1 h-1.

can be converted much more smoothly with y-Al203 without
significant fluctuations than with the HZSM-35 zeolite. For ex-
ample, the initial conversion of MAc in HZSM-35 zeolite is very
high and then falls fast in the first 2 h. The initial high conver-
sion of MAc is attributed to the severe MTO-like reaction cata-
lyzed by strong Bronsted acids, as described in Fig. S5. This
by-reaction is mildly catalyzed by the weak Lewis acid of the
y-Al203 sample with a much shorter initial period. The yield of
MA and AA with the HZSM-35 zeolite is almost double of that
obtained with the y-Al203 sample, indicating that a cooperation
between strong acids and weak acids is helpful for aldol con-
densation reactions.

The TGA curves and first derivatives corresponding to
coked y-Al203 and deactivated HZSM-35 zeolite are shown in
Fig. 9. The amount of coke in y-Al203 was 8.3 wt%, which is
larger than that of HZSM-35 zeolite (6.9 wt%). However, the
deactivation of HZSM-35 zeolite is much more severe. For ex-
ample, the consumption temperature of coke of HZSM-35 was

100 + 392 [ % _,A\lz()3 +40.06
= - HZSM-35
N
< @)
(3] (12
g 004 =
£ .
g g
5 0.02 2
2 )
= S}

410.00

150 300 450 600 750
Temperature (°C)

Fig. 9. The TGA curves (the solid line) and derivatives (the dotted line)
of a coked y-Al203 sample and deactivated HZSM-35 zeolite after 6 h of
reaction in air.
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599 °C, which is higher than that of the y-Al203 sample (392 °C).
Deactivation in HZSM-35 zeolite is violent with hard coke. Un-
like the y-Al203 sample, HZSM-35 zeolite possesses a large per-
centage of strong Bronsted acids, which seem to be responsible
for this severe deactivation.

3.4. Discussion

The aldol condensation reaction of formaldehyde and me-
thyl acetate can be catalyzed by either bases or acids or both of
them. In most of the published reports, attention was paid to
catalysts with acid-base bifunctional properties, such as V-P-Si
or alkaline metal oxide samples impregnated with other metals,
owing to their better performance than pure acid or pure base
catalysts. However, in this study, the Z-Cs-1wt sample, which
possessed both acidity and alkalinity performed poorly with a
lower yield of MA and AA than the pure H-form of acidic zeolite.
This result shows that alkalinity is not helpful, in fact it is
harmful, for the aldol condensation reaction of DMM and MAc
to produce MA and AA. This is inconsistent with published re-
ports. To understand this discrepancy, we conducted the reac-
tion over pure alkaline metal oxide catalysts, such as Naz0, Kz0,
and Cs20, and found that the DMM precursor does not decom-
pose into formaldehyde over these alkaline sites. But DMM
decomposes immediately into formaldehyde over acidic zeolite
and enhances the aldol condensation reaction of DMM and MAc
to produce MA and AA. This shows that acid sites are indispen-
sable for the aldol condensation reaction of DMM and MAc.
Here, it should be pointed out that this hypothesis is suitable
only when DMM is used as the source for formaldehyde.

Strong acids and weak acids existed in the HZSM-35 as
shown in the NH3-TPD results, with two desorption peaks of
ammonia at different temperatures. After the addition of 1 wt%
cesium, most of the acids in the HZSM-35, especially strong
acids, are covered by base sites, followed by the disappearance
of the initial period. In this period, a large quantity of hydro-
carbon byproducts are formed because of the unavoidable
methanol-to-olefin-like process at such high reaction tempera-
tures. During the initial reaction period of the HZSM-35 zeolite,
the strong acid sites might first catalyze the precursors to un-
dergo a hydrogen transfer process, resulting in a large amount
of hydrocarbon byproducts. Later, the remaining medi-
um-strong and weak acids continue to catalyze the aldol con-
densation reaction. This suggests that not all the acidic sites of
the zeolite participate in the aldol condensation reaction.

Medium-strong and weak acid sites seem to be the prime
candidates for catalyzing the aldol condensation reaction of
DMM and MAc to produce MA and AA without causing any
drastic by-reactions. This hypothesis is validated by the con-
siderably high activity and stability of the y-Al203 sample in
which weak acids exist predominantly along with a small
number medium-strong acid sites. It seems that weak acids are
powerful enough to catalyze the aldol condensation reaction.

4. Conclusions

Base sites are not helpful for catalyzing the aldol condensa-

tion reaction of DMM and MAc to prepare acrylic acid and me-
thyl acrylate because the DMM precursor does not decompose
into formaldehyde over basic sites. Acid sites are indispensable
for catalyzing the reaction when using DMM as the source of
formaldehyde. However, not all acidic sites in the HZSM-35
zeolite are necessary for the reaction. Strong acids contribute
mainly to an unavoidable methanol-to-olefin-like process, re-
sulting in an initial period of the reaction during which a large
amount of hydrocarbon byproducts are generated. Medi-
um-strong acids and weak acids are optimal candidates for the
aldol condensation reaction of DMM and MAc to produce acryl-
ic acid and its ester without causing severe by-reactions. A
good reaction performance with a considerably high activity
and stability are obtained with the y-Al,03 sample, which pos-
sesses abundant weak acid sites with a few medium-strong
acid sites. Further work on evaluating the maximum acidity
and amount of acid for triggering the aldol condensation reac-
tion is required.
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