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Acrylic acid (AA) and its ester, methyl acrylate (MA), were produced by a green one-step aldol con-
densation reaction of dimethoxymethane and methyl acetate. The reaction was conducted over
ZSM-35 zeolites with different concentrations of Bronsted acid, which were prepared by the sodium
ion-exchange process with H-form zeolite. The acidic property of HZSM-35 was studied in detail
through infrared experiments. About 51% of all bridging OH groups were distributed in cages, while
23% and 26%, respectively, were distributed in 10- and 8-ring channels. The catalytic performance
was enhanced by a high concentration of Bronsted acid, indicating that Bronsted acid is an active
site for the aldol condensation reaction. The ZSM-35 zeolite possessing a concentration of Bronsted
acid as high as 0.049 mmol/g demonstrated excellent performance with a MA+AA selectivity of up
to 73%.

© 2018, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

Acrylic acid (AA) and methyl acrylate (MA), the two ex-
tremely important industrial chemicals, are widely applied in
the production of paintings, coatings, carbon fibers, and adhe-
sives. They are mostly produced by a two-step oxidation reac-
tion of propylene [1-3]. This route of oxidation by air/oxygen
incurs a risk of over-oxidation of propylene and the desired
products, which limits their widespread application on a large
scale. Therefore, a novel and green route for MA and AA syn-
thesis is highly demanded. Recently, the route to produce MA
and AA through a one-step aldol condensation reaction of for-
maldehyde (FA) and methyl acetate (MAc) has been attracting

substantial interest from both academic and industrial com-
munities because of its simplicity and common feedstocks that
can be derived readily from natural gas, coal, and biomass [4,5].

Aldol condensation reaction, which is catalyzed by ac-
id/base catalysts, can readily occur over either an acid (or a
base) or an acid-base bifunctional catalyst. Previous studies
have mainly focused on aldol condensation catalyzed by a vari-
ety of cesium supported with SiOz or SBA-15 [6-9], by ac-
id-base bifunctional catalysts such as V20s-P20s binary or
V205-P205-Si02 ternary systems [10-13], or by alkali metal
oxide-supported acidic catalysts [14-16]. However, there are
limited experimental data available for evaluating the perfor-
mance of solid acid catalysts in the aldol condensation reaction
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in the gaseous phase. Zeolite catalysts, as a type of solid cata-
lysts being comprehensively utilized for more than 40% indus-
trial processes in petroleum and petrochemical fields [17],
show significant potential in aldol condensation. In our previ-
ous study [18], several types of zeolites, including HY, Hf,
HMOR, HZSM-5, and HZSM-35, were first used as aldol con-
densation catalysts for synthesizing MA and AA with high ac-
tivity, which suggested that zeolite is a catalyst candidate for
the aldol condensation reaction of FA and MAc.

It is well known that two types of acids, Bronsted and Lewis
acids, exist in zeolites, especially in silica-alumina zeolites.
However, the issue of whether the aldol condensation reaction
occurs over Lewis acid sites, Bronsted acid sites, or both has
not been resolved yet. Jeong et al. [19] reported the results
from in situ Fourier-transform infrared spectroscopy (FT-IR)
studies of aldol condensation reactions of aldehydes with AIPO4
zeolite as a catalyst. They found that Lewis acid was the active
site for the aldol condensation reaction due to the lack of a
bridging hydroxyl group in the AIPO4 zeolite catalyst. Panov et
al. [20] conducted aldol condensation reactions over nanosized
amorphous alumina catalysts containing different amounts of
Lewis acid sites and found that the rate of aldol condensation
reaction of acetone decreased with the loss of Lewis acid sites.
Dumitriu et al. [21] synthesized a series of MFI zeolites by iso-
morphous substitution of Me3+ for silicon and evaluated them
in aldol condensation reactions of acetaldehyde and formalde-
hyde. They found that both Bronsted and Lewis acids were
involved in the reaction and that a higher Lewis acid concen-
tration favored a better selectivity for MFI zeolite catalysts.
However, Kikhtyanin et al. [22] proved that solid catalysts with
exclusive Lewis acid sites possessed substantially lower activi-
ty in the aldol condensation of furfural and acetone with MOFs
as acidic catalysts, and suggested that Bronsted acid contribut-
ed more to the aldol condensation reaction than Lewis acid.
Kikhtyanin et al. [23] also reported that two HBEA samples
with the same Bronsted acid concentration but different Lewis
acid concentrations exhibited approximately the same activity.
They believed that the aldol condensation reaction proceeded
with the participation of Bronsted acid rather than Lewis acid.

In our previous studies [16,18], HZSM-35 zeolite was found
to perform very well in the aldol condensation reaction of MAc
and formaldehyde, and its acid site was found to be indispen-
sable for triggering the reaction. To the best of our knowledge,
no information is available yet on the effect of acidic properties
of zeolites on the aldol condensation of formaldehyde and MAc
to prepare MA and AA. Therefore, here, we study in detail the
acidic property of HZSM-35 and prepare ZSM-35 with different
concentrations of Bronsted acid through the sodium
ion-exchange process without altering the concentration of
Lewis acid. We then evaluate the catalytic performance of
ZSM-35 zeolites for the aldol condensation reaction of formal-
dehyde and MAc.

2. Experimental

2.1. Catalyst preparation

The regents used included dimethoxymethane (DMM) (AR,
98%, Alfa Aesar (China) Chemicals Co., Ltd.) and MAc (AR, 98%,
Sinopharm Chemical Reagent Co., Ltd., China). Na-ZSM-35
(Si02/Al203 = 79) was purchased from Shanghai Novel Chemi-
cal Technology Co., Ltd., China. Zeolite was calcinated at 823 K
in air for at least 5 h to remove the retained organic template,
and then converted into an H-form zeolite before use by con-
ducting ion exchange thrice at 353 K for 6 h in 1 mol/L NH4NO3
solution, followed by washing with deionized water, drying at
373 K overnight, and calcination at 823 K for 4 h. To obtain
zeolites with different sodium ion weight percentages, the
H-form zeolite powder began to be exchanged with NaNOs so-
lution (0.1 mol/L) at 323 K with a solid-to-liquid ratio of 1/20
for different times. The filter cake was dried at 373 K for 12 h.
At last, we obtained zeolite with different sodium ion-exchange
degrees. The sample was indicated as Na-Z-x, where x indicates
the molar ratio of sodium element to aluminum element in the
zeolite characterized by X-ray fluorescence (XRF) results.

2.2. Catalyst characterization

FT-IR spectroscopy was conducted at a spectral resolution
of 4 cm-! on a Bruker Tensor 27 FT-IR spectrophotometer
equipped with a mercury-cadmium-telluride detector, which
was sensitive to ~OH group vibration. The sample was pressed
into a self-supporting disk with a diameter of 13 mm. Then, the
disk was put into a quartz cell, which was connected to a vac-
uum system and sealed with CaF2 windows and then heated to
723 K for at least 4 h to remove the retained water before col-
lecting the spectra. The pyridine or acetonitrile adsorption was
performed by exposing the preheated disk to its vapor. The
semi-quantitative analysis of the concentration of Bronsted or
Lewis acid is shown as below [24]:

C(pyridine on B sites) = 1.88 IA(B) R2/W
C(pyridine on L sites) = 1.42 IA(L) R2/W
C = concentration (mmol/g catalyst)
IA(B, L) = integrated absorbance of B or L band (cm-1)
R =radius of catalyst disk (cm-1)
W = weight of disk (mg)

The solid-state NMR experiments were carried out on a
Bruker Avancelll 600 spectrometer equipped with a 14.1 T
wide-bore magnet. The bulk acidity of zeolite was determined
by temperature-programmed desorption of ammonia
(NH3-TPD) on a Micromeritics AutoChem 2920 instrument. The
sample (0.20 g) was loaded in a U-shaped microreactor and
preheated at 823 K for 0.5 h under helium atmosphere. After
cooling to 373 K, the sample was saturated with ammonia, fol-
lowed by purging with helium to remove the physically ad-
sorbed ammonia molecule. Ammonia desorption was con-
ducted in helium flow (30 mL/min) by heating from 373 to 923
K at a rate of 10 K/min and measured by a thermal conductivity
detector.

The crystallinity of the samples was characterized by a
PANalytical X'Pert PRO X-ray diffraction (XRD) meter with
Cu-Kq radiation (A = 1.51059 A) at 40 kV and 40 mA. The chem-
ical composition of zeolite was determined by Philips
Magix-601 XRF. Nitrogen adsorption-desorption isotherms
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Fig. 1. OH regions of (a) the IR spectrum of HZSM-35 zeolite measured
at 298 K after evacuation at 723 K and (b) its first derivative.

were obtained on a Micrometrics ASAP 2020 system at 77 K.
2.3. Catalytic test

Aldol condensation of formaldehyde with MAc was carried
out at 623 K with 0.5 g zeolite (20-40 mesh) in a fixed bed.
Here, DMM was applied as the source of formaldehyde. The
system pressure was set at 3 MPa. DMM and MAc precursors in
two separated stainless-steel tubes held at 293 K were bubbled
into the reaction tube by 30 mL/min Nz flow, respectively. The
products were analyzed using an online gas chromatograph
equipped with a flame ionization detector connected to an
FFAP capillary column. The yield of MA and AA was defined as
molesma+aa/molesmac fed and Swa+aa was calculated using the
molesma+aa/molesmac consumed.

3. Results and discussion
3.1. Acidity of HZSM-35 zeolite

FT-IR spectroscopy is applied to characterize the acid prop-
erty of HZSM-35 zeolite, as shown in Fig. 1. The spectrum of

HZSM-35 zeolite in Fig. 1(a) consists of two distinct bands at
3745 cm-! due to the terminal silanol groups and at 3599 cm-1
due to the bridging hydroxyl groups (Bronsted acid sites)
[25-27]. The relatively high intensity of silanol groups at 3745
cm-! shows that HZSM-35 zeolite is high-siliceous, which
agrees with the XRF result indicating a high Si02/Alz03 ratio of
79. In addition, a broad band around 3650 cm-! is assigned to
OH groups adjacent to extra-framework aluminum species. A
close examination reveals that hydroxyl IR bands are asym-
metric, which is particularly evident from the first derivative of
the spectrum. The asymmetry at 3745 cm-! can be attributed to
the presence of terminal silanol groups and to their hydrogen
bonding interaction, while that at 3599 cm-1 is associated with
the Bronsted acidic bridging hydroxyl moieties vibrating in
channels or cages of different sizes [28].

The 29Si MAS NMR spectrum of HZSM-35 zeolite in Fig. 2(a)
shows three signals at -105.7, -112.1, and -116.6 ppm, which
are assigned to Si(1Al) Ta, the superposition of Si(1Al) Ta and
Si(0Al) Ts, and Si(0Al) Ts, respectively [29-31]. The high ratio
of Si(0Al) and Si(1Al) contributions indicates the prevalence of
the Si-O-Si bond in the absence of neighboring Al Fig. 2(b)
shows the 27Al MAS NMR spectrum of HZSM-35 zeolite used
here, where the signal at 54.5 ppm is attributed to tetrahedrally
coordinated framework aluminum atoms. The signal at 0 ppm
indicates the presence of a few octahedrally coordinated ex-
tra-framework aluminum species, acting as Lewis acid sites,
which is consistent with the FT-IR observation in Fig. 1.

Fig. 3 shows the deconstruction of the bridging OH band in
the IR spectra of HZSM-35 according to Zholobenko et al. [28].
A good fit is obtained by decomposition based on three peaks.
The 3610 cm-! band can be attributed to Si-O(H)-Al groups in
10-member rings, amounting to 23% of Si-O(H)-Al groups. The
intense band at 3600 cm-! can be assigned to the bridging hy-
droxyl groups in cages at the intersection of 8- and 6-ring
channels, amounting to 51% of the bridging hydroxyl groups.
The band at 3588 cm-1! can be attributed to Si-O(H)-Al groups
in 8-member rings. Such an assignment coincides with the re-
published work. For instance, the initially observed band in
bridging OH groups at about 3610 cm-! in H-mordenite is de-
convoluted into two component bands, one at a higher fre-
quency of 3612 cm-! and another at a lower frequency of 3585

54.5
a -116.6
@ -112.1 ®)
0
-100 -110 -120 -130 150 100 50 0 -50
dppm oppm

Fig. 2. (a) 2°Si and (b) 27Al MAS NMR spectra of HZSM-35 zeolite.
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Fig. 3. Deconstruction of the bridging OH band in the IR spectrum of
HZSM-35. (-, experimental spectrum; -:-:, computed spectrum; - - -,
single components).

cm-1, which are assigned to OH groups in 12- and 8-ring chan-
nels, respectively [32-35]. The low-frequency-component IR
band is attributed to Bronsted acid sites in a small channel,
while the high-frequency one is attributed to those in a large
ring, such as 8- or 10-rings [36-38].

Fig. 4(a) describes that pyridine adsorption in HZSM-35 ze-
olite takes place only on a part of the bridging OH groups in
vacuum at room temperature with a small decrease in intensity
at 3599 cm-1, while the smaller acetonitrile molecule interacts
with all bridging OH groups under the same conditions as the
intensity at 3599 cm-! immediately decreases. This in turn
proves the heterogeneous distribution of internal bridging OH
groups in HZSM-35 zeolite. The accessibility of the internal
Bronsted acidic bridging OH groups for pyridine molecules is
studied with respect to temperature, as shown in Fig. 4(b). The
intensity of the IR band at 3599 cm-! characteristic for strong
acidic bridging OH groups clearly decreases after adsorption at
373 K. With an increase in the temperature of pyridine adsorp-
tion, more adsorption of pyridine on bridging OH groups of
HZSM-35 zeolite takes place as follows from a decline in the
intensity of the band at 3599 cm-1. This means that the internal
bridging OH groups are accessible to large pyridine molecules

3745 3509 @
ML\JMAN—//
5
&)
=
é \k‘/_/\/
£
0 \\_/\/
3920 3780 3640 3500

Wavenumber cm- ')

at high temperature [39,40]. The existence of two bands at
3597 and 3589 cm-! is revealed after pyridine adsorption at
different temperatures. The bridging OH groups located in the
smaller channels are not so easily accessible for large pyridine
molecules as those in the main channels. It seems reasonable to
assign these two bands at 3597 and 3589 cm-1! to the bridging
OH groups located in cages and 8-ring channels, respectively,
which supports our decomposition results shown in Fig. 3.

3.2.  Effect of the concentration of Bronsted acid on catalytic
performance

Zeolites, which are crystalline alumino-silicate microporous
materials, possess interesting intrinsic acidic features, such as
Lewis and Bronsted acid sites. Bronsted acid sites exist as
bridging OH groups to Al and Si atoms, and their protons can be
exchanged with other metal cations. Herein, we prepare
ZSM-35 zeolites with varying concentrations of Bronsted acid
through the sodium ion-exchange process. The crystalline
structure and textural property are not affected by the ex-
change process, as shown in Fig. S1 and S2.

The IR characterization is used to clarify the change in the
acidic properties of zeolites after the treatment. The intensity of
the bridging OH groups at 3599 cm-! suffers a significant de-
crease after sodium ion exchange, as illustrated in Fig. 5(a),
which indicates that the Bronsted acidic proton of HZSM-35
zeolite is substituted by Na*. A higher exchange degree leads to
a lower intensity of the Bronsted acid hydroxyl groups. In
HZSM-35 zeolite, the IR band of PyH+ appears at 1545 cm-1
after adsorption of pyridine at 623 K for 30 min with the band
of pyridine adsorbed on typical Lewis acid sites at 1445 cm-1
(Fig. 5(b)) [41,42]. The Lewis acid sites in HZSM-35 are as-
signed to the extra-framework aluminum species. The intensity
of the band at 1545 cm-! drops significantly with the pretreat-
ment of the sodium ion-exchange process, which indicates a
decrease in the concentration of Bronsted acid in ZSM-35 zeo-
lite. As shown in Table 1, the concentration of the Bronsted acid
in HZSM-35 zeolite, obtained by the integration of the band at
1545 cm-1, is 0.049 mmol/g, which decreases to 0.037 mmol/g
in Na-Z-25 zeolite and even falls to 0.011 mmol/g in Na-Z-49
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Fig. 4. (a) FT-IR spectra of OH groups of HZSM-35 at 298 K after evacuation at 723 K (1), after adsorption of pyridine at 298 K (2), and after adsorp-
tion of acetonitrile at 298 K (3). (b) FT-IR spectra of the bridging OH groups of HZSM-35 (1), after adsorption of pyridine at 373 K (2), 523 K (3), 623

K (4), and 723 K (5).
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Fig. 5. (a) FT-IR characterization of OH regions of HZSM-35 zeolite (1) and Na-Z-25 (2) and Na-Z-49 (3) at 298 K after evacuation at 723 K; (b) Pyri-
dine adsorption at 623 K for 30 min and desorption at the same time of HZSM-35 zeolite (1) and Na-Z-25 (2) and Na-Z-49 (3).

zeolite. The concentration of the Lewis acid remains constant at
0.004 mmol/g.

The effect of this sodium ion-exchange process on the bulk
acidity of zeolite is studied using NHs-TPD, as described in Fig.
6. Two ammonia desorption peaks are found at 465 and 709 K
in HZSM-35 (Fig. 6(a)), which shows that two types of acid
sites, including the weak and the strong ones, exist in the sam-
ple. The intensity of the latter peak suffers a decrease in
Na-Z-25 zeolite, and even becomes a broad tail in Na-Z-49 zeo-
lite. Note that the strength of the strong acid does not change in
the sodium ion-exchange process for its peak temperature be-
ing maintained constant at 709 K. Taken together, the above
results show that a large amount of strong Bronsted acid is
substituted by the sodium ion, resulting in a loss of strong acid-
ity in HZSM-35 zeolite.

The performance of ZSM-35 zeolites with different concen-
trations of Bronsted acid in the aldol condensation reaction of
FA and MAc is evaluated in a continuous-flow fixed-bed reac-
tion tube as illustrated in Fig. 7. Herein, dimethoxymethane
(DMM) is employed as the source of FA. The mass spectrum
detection result shown in Fig. S3 substantiates the facile de-
composition of DMM to attain FA with 100% conversion in Fig.
S4 over all ZSM-35 zeolites. MAc conversion changes slightly
over all ZSM-35 zeolites, as shown in Fig. S4. However, the yield
and Swa+aa are remarkably enhanced parallel to the increase in
the concentration of Bronsted acid in zeolites. Here, note that
AA is mainly derived from the hydrolysis of MA and the ratio of
MA to AA varies from 1 to 4. Given that the concentration of
Lewis acid remains constant at 0.004 mmol/g for all zeolites, it
is suggested that Bronsted acid is an active site for the aldol
condensation reaction of DMM and MAc. The rate-determined
step of aldol condensation reaction in the gaseous phase is re-

Table 1
Acidic properties of ZSM-35 zeolites after sodium ion-exchange treat-
ment.

Sample Si02/Al203 B" (mmol/g) L’ (mmol/g)
HZSM-35 79 0.049 0.004
Na-Z-25 79 0.037 0.004
Na-Z-49 82 0.011 0.004

*Calculated through integration of IR peak.

ported to be the keto-enol tautomerization of MAc. The enol
form of MAc reacts with FA to produce MA and AA. With a high
concentration of Bronsted acid, the keto-enol tautomerization
equilibrium might shift significantly to an enol counterpart,
which consecutively reacts with FA to give a high Sva+aa and
yield.

The deposited coke amounts of deactivated ZSM-35 zeolites
with different concentrations of Bronsted acid after aldol con-
densation reaction for 6 h are determined by TGA characteriza-
tion. As shown in Fig. 8, the TGA results show that the amounts
of deposited coke in HZSM-35, Na-Z-25, and Na-Z-49 are 8%,
5.5%, and 2.5%, respectively, among which HZSM-35 zeolite
has the highest coke amount. Considering the difference in
Bronsted acid concentration of the three catalysts, the lowest
amount of coke within Na-Z-49 zeolite is ascribed to its low
concentration of Bronsted acid. From the first derivative curve
of TGA, the consumption temperatures of coke species within
HZSM-35, Na-Z-25, and Na-Z-49 zeolites are 904, 860, and 819
K, respectively. HZSM-35 zeolite has the hardest coke species,
which mainly consists of benzene, naphthalene, phenanthrene,
and their methyl-substituted derivatives, as described in Fig.
S5. The unsaturated product, MA and AA, might continue to
perform the Diels-Alder ring-closing reaction on Bronsted acid
sites to form aromatic species. On the other hand, the metha-
nol-to-hydrocarbons reaction is unavoidable at such high reac-
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Fig. 6. NH3-TPD curves of HZSM-35 (1), Na-Z-25 (2), and Na-Z-49 (3).
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mL/min.

tion temperature of 623 K in the presence of a strong Bronsted
acid and an amount of C1-Cs hydrocarbon product is detected
in the initial period of the first 60 min. This reaction might also
cause the deactivation of zeolites.

4. Conclusions

The distribution of Brénsted acid in HZSM-35 zeolite was
systemically studied by IR experiments, and 51% of the total
Bronsted acid was found to be located in the cage, while 23%
and 26% were distributed in 10- and 8-ring channels, respec-
tively. Bronsted acid was an active site for aldol condensation
reaction of DMM and MAc for producing MA and AA. A high
concentration of Bronsted acid was beneficial to the selectivity
and yield of MA and AA. This study provided more information
about the acid-catalyzed aldol condensation reaction. Moreo-
ver, the accurate position of the site of aldol condensation reac-
tion in the framework, whether in a cage or in a 10- or 8-ring
channel, as well as the effect of Lewis acid sites, need to be
studied further.

100
—— HZSM-35
Na-Z-25

981 Na-Z-49
—_ 96
$
S 944

9243

904

88 I 600 (K‘) I 1000 I I

400 600 800 1000

T (K)

Fig. 8. TGA curves and their derivates (the inset graph) of deactivated
HZSM-35, Na-Z-25, and Na-Z-49 zeolites obtained after the aldol con-
densation reaction of DMM and MAc at 623 K.

References

M. M. Bettahar, G. Costentin, L. Savary, J. C. Lavalley, Appl Catal. 4,
1996, 145, 1-48.

W. Fang, Q. ]. Ge, J. F. Yu, H. Y. Xu, Ind. Eng. Chem. Res., 2011, 50,
1962-1967.

W. E. Campbell, E. L. McDaniel, W. H. Reece, ]. E. Williams, H. S.
Young, Ind. Eng. Chem. Prod. Res. Develop., 1970, 9, 325-334.

J. F. Vitcha, V. A. Sims, Ind. Eng. Chem. Prod. Res. Develop., 1966, 5,
50-53.

L. H. Zhao, J. Yan, L. C. Wei, Y. L. Jiang, Mod. Chem. Ind., 2015, 35,
44-49,

B. Harris, Ingenia, 2010, 45, 18-23.

Y. N. Wang, X. W. Lang, G. Q. Zhao, H. H. Chen, Y. W. Fan, L. Q. Yu, X.
X. Ma, Z. R. Zhu, RSC Adv., 2015, 5, 32826-32834.

J. B. Yan, C. L. Zhang, C. L. Ning, Y. Tang, Y. Zhang, L. L. Chen, S. Gao,
Z.L.Wang, W.X. Zhang, J. Ind. Eng. Chem., 2015, 25, 344-351.

T. He, Y. X. Qu, J. D. Wang, Ind. Eng. Chem. Res., 2018, 57,
2773-2786.

H. Zhao, C. C. Zuo, D. Yang, C. S. Li, S. J. Zhang, Ind. Eng. Chem. Res.,
2016, 55,12693-12702.

D. Yang, C. Sararuk, K. Suzuki, Z. X. Li, C. S. Li, Chem. Eng. J., 2016,
300, 160-168.

J. Hu, Z. P. Ly, H. B. Yin, W. P. Xue, A. L. Wang, L. Q. Shen, S. X. Liu, J.
Ind. Eng. Chem., 2016, 40, 145-151.

D. Yang, D. Li, H. Y. Yao, G. L. Zhang, T. T. Jiao, Z. X. Li, C. S. Li, S. J.
Zhang, Ind. Eng. Chem. Res., 2015, 54, 6865-6873.

C. Sararuk, D. Yang, G. L. Zhang, C. S. Li, S. ]J. Zhang, J. Ind. Eng.
Chem., 2017, 46, 342-349.

A. L. Wang, . Hu, H. B. Yin, Z. P. Lu, W. P. Xue, L. Q. Shen, S. X. Liu,
RSC Adv., 2017, 7, 48475-48485.

Z. L. Ma, X. G. Ma, H. C. Liu, W. L. Zhu, X. W. Guo, Z. M. Liu, Chin. J.
Catal,2018,39,1129-1137.

K. Tanabe, W. F. Holderich, Appl. Catal. A, 1999, 181, 399-434.
Z.L.Ma, X. G. Ma, H. C. Liy, Y. L. He, W. L. Zhu, X. W. Guo, Z. M. Liu,
Chem. Commun., 2017,53,9071-9074.

M. S.Jeong, H. Rrei, J. Mol Catal. A, 2000, 156, 245-253.

A. G. Panov, |. ]. Fripiat, Catal. Lett., 1999, 57, 25-32.

E. Dumitriu, V. Hulea, 1. Fechete, A. Auroux, J. F. Lacaze, C. Guimon,
Microporous Mesoporous Mater., 2001, 43, 341-359.

0. Kikhtyanin, D. Kubicka, . Cejka, Catal. Today, 2015, 243,
158-162.

(1

[2]

(3]

(4]

[5]

(6]
(71

(8l

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]
[21]

[22]



1768 Zhanling Ma et al. / Chinese Journal of Catalysis 39 (2018) 1762-1769

Graphical Abstract
Chin. J. Catal,, 2018,39:1762-1769  doi: 10.1016/51872-2067(18)63145-6

HZSM-35 zeolite catalyzed aldol condensation reaction to 2

(o]

o]
| |

prepare acrylic acid and its ester: Effect of its acidic property Hic—C~ocH, * H-CH He—cn oo,
Zhanling Ma, Xiangang Ma, Youming Ni, Hongchao Liu, w
Wenliang Zhu *, Xinwen Guo, Zhongmin Liu * Bronsted Acid Site

Dalian Institute of Chemical Physics, Chinese Academy of Sciences; Aldol Condensation

Dalian University of Technology; 50

University of Chinese Academy of Sciences / +0.06

Bronsted acid was an active site for aldol condensation reaction of 204 F0.02
DMM and MAc to produce MA and AA. The selectivity of MA and AA /

increased with the concentration of Bronsted acid.

(3/jouww) pIoy g Jo UONENUIDUO))

0 —Naz Naz25s  Hzsm3s 000

[23] O. Kikhtyanin, V. Kelbichova, D. Vitvarova, M. Kubi, D. Kubicka, 97,5962-5964.

Catal. Today, 2014, 227, 154-162. [34] S. Bordiga, C. Lamberti, F. Geobaldo, A. Zecchina, G. Turnes Palo-
[24] C.A.Emeis, /. Catal, 1993, 141, 347-354. mino, C. Otero Arean, Langmuir, 1995, 11, 527-533.
[25] M. Trombetta, G. Busca, S. Rossini, V. Piccoli, U. Cornaro, A. Guer- [35] P.A.]Jacobs, W.]. Mortier, Zeolites, 1982, 2, 226-230.

cio, R. Catani, R. J. Willey, J. Catal, 1998, 179, 581-596. [36] ]. E. Naber, K. P. de Jong, W. H. J. Stork, H. P. C. E. Kuipers, M. F. M.
[26] Y.S.Jin, A. Aurous, J. C. Vedrine, Appl. Catal., 1988, 37, 1-19. Post, Stud. Surf. Sci. Catal, 1994, 84,2197-2219.
[27] P.Caiiizares, A. Carrero, Catal. Lett., 2000, 64, 239-246. [37]1 B. Wichterlova, N. Zilkova, E. Uvarova, J. Cejka, P. Sarv, C. Paganini,
[28] V. L. Zholobenko, D. B. Lukyanov, J. Dwyer, W. J. Smith, J. Phys. J. A. Lercher, Appl. Catal. A, 1999, 182, 297-308.

Chem. B,1998, 102, 2715-2721. [38] J. Datka, M. Kawalek, K. Gora-Marek, Appl. Catal. A, 2003, 243,
[29] D. P. B. Peixoto, S. M. Cabral de Menezes, M. 1. Pais da Silva, Mater. 293-299.

Lett., 2003, 57,3933-3942.

[30] A. Bonilla, D. Baudouin, ]. Pérez-Ramirez, J. Catal, 2009, 265,
170-180.

[31] R. Rachwalik, Z. Olejniczak, J. Jiao, J. Huang, M. Hunger, B. Sul-
ikowski, J. Catal.,, 2007, 252, 161-170.

[39] M. Trombetta, G. Busca, J. Catal,, 1999, 187, 521-523.

[40] J. A. Z. Pieterse, S. Veefkind-Reyes, K. Seshan, L. Domokos, J. A.
Lercher, J. Catal, 1999, 187, 518-520.

[41] Z. G. Zhu, H. Xy, ]. G. Jiang, Y. J. Guan, P. W, J. Catal, 2017, 352,

[32] F. Wakabayashi, ]. Kondo, A. Wada, K. Domen, C. Hirose, J. Phys. 1-12.
Chem.. 1993. 97. 10761-10768. [42] Z.G. Zhu, H. Xy, ]. G. Jiang, X. Liu, J. H, Ding, P. Wu, Appl. Catal. A,
[33] V. L. Zholobenko, M. A. Makarova, ]J. Dwyer, J. Phys. Chem., 1993, 2016, 519, 155-164.

HZSM-3557 F i BR 1% B3t R Aa B F1 O B R ER 2 B e & 2 N Y F2 M
T B LR, AR A A, x4 a’, kR, S, 3l RY

o E R I AT TR BT T R A E R TAE L E, 3T T A% 116023
CREBIAF NI SHFAGFHMIFREAMTERE ALRE, T T AE116024
© o [ B B A S, 463100049

R NG ML EE A TRRL, Tz B ek, REEimn) ., SR 4Ess s, B A Tl b3 R A PO P BUR ALt AT
i 25, (ELiZ3 DA i 2 JEURE P 0 il ke, SR V/IMo/Biss & Ja EAL TR, AT 3 T R R B, HATAE A BT Y S U ™
Yo 1 BESEAC S TR . BT iR R 2 RO M Ao 26 PR A R S i i T FE 3B SR ) FL AR, B TR P g (M) A1
NIEURE, I PR A — A R R IR S LR — 2R e A AT A AR 0 G R AR, JEURL B AT I RS 2, 75 &
FE<EHL PO D OEEARREIE, Bz B AR N100%, B BC8K, T8 T2k G iR iz,

ASSC LA 4 % (DMM) Jy AL, G008 P8 4t SR Y I A ek B0 7 0 DR R Wk A7, HE AL DMMIAIMA ¢ 5 25 B e 401 5 S I3 5
2 IR, a0 1R A B (s, AT RO A R e A SO, HRCA ARG B AR AR VR R, RIVE ARG A dr B, th
PR AR A% Bl PR 55 S L 2 AT Tl Ak, RIHAT 7 RS I Tl AR AT R 8R 20107 P O 5 A Bronsted R A Lewisig,
P U R A 5 S ML 1) IR R A o, FRATT AR A 45 B I P e e £ FTHZS M35 73 - 9 E 9T 1 .
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55, MM LA FEHZSM-35) 10 (BRI 7. R I 7 b M F2 R S Bronsted iR, AME 2L A1 ff LewisiR. 1@
TR LT AME— B R T, KRB AR MR 2, 3 W Bronsted R (E HZSM-35 43 F i fLIE Fh 4> A AR 3450, R 4040 16 F
B, 135012951% M Bronsted 8 7341 T )\ TCIAMIZS TCIASE XTI LK) JE (cage) Y, £923% 5341 T+ eI FLIE, 26% 7341 T )\ e
FLiE . [RI, F H EE 78 53§ S HZSM-35 AN [F) il B N AW BB LR AIE 13X —Fp et AL, FLOR, AN ES 138 e 07 i) 4%
A [F)Bronsted BRIK J& 11 ZSM-35 4y - fiifi, LML IE 21 4h R AL 511, Bronsted g ¥ /& B AN 25 132 e FE 5 189 1077 32 7 BAAIK, T Lewis
PR R 5 I R U8 s FEFRIEAR & SN R, TR 2 B AT s TR P I e 438 P RS 2 32 B Bromsted BRI FEE 39 0 T3 v, 25 S8 2
LewisRU FE 3R A8 4k, W HIBronsted R A £ B 4 G S SV e (0 VAL i, IR BESS A R TR 40 & I SIPERE B3R &L [
I, X EEANFIZSM-3573 7 R IE B A, i Bronsted BRI B2 I 730 B AR AR B e e, IX AT BE 2 1 T Bronsted AL A AT 4 5%
AR BT S A (R R A S R T R I S 2L
KUIA): FRREAE ;LR TR HZSM-357 T, TRYENL; TIMGIR
U R H #: 2018-06-21. 4% H #1: 2018-07-16. H ik H #: 2018-11-05.

*EAIE R AL HIE: (0411)84379998; £ E: (0411)84379038; ®, F 1z 44 : liuzm@dicp.ac.cn
PR A AL B iE: (0411)84379418; 44 F: (0411)84379038; # F {2 45 wizhu@dicp.ac.cn
AR SC Y B, F R4 C i Elsevier 4 iR # 7 ScienceDirect | H iR (http://www.sciencedirect.com/science/journal/18722067).
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