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Abstract

Highly selective synthesis of renewable methyl acrylate from bio-sourced formaldehyde and methyl acetate
through one-step aldol condensation was successfully realized on Cu-modified nitrogen-containing Beta (NBeta)
catalysts. Silicon-29 magic angle spinning nuclear magnetic resonance (**Si MAS NMR), Fourier transform infrared
spectroscopy (FT-IR), temperature-programmed desorption of ammonia, temperature-programmed desorption of
carbon dioxide, and element analysis indicate that nitridation weakens the acid strength, reduces the number of
acidic sites and introduces basic sites through the formation of Si-N bond on Beta zeolites, thereby promoting
methyl acrylate selectivity and reducing the coke formation. Adding Cu into NBeta further finely tunes the basicity
and acidity balance and thus inhibits the by-product acetone. High methyl acrylate selectivity of 95% and
formaldehyde conversion of 99% were achieved over Cu/NBeta catalyst under optimized conditions. The coke
content decreases remarkably from 28% on H-form Beta (HBeta) zeolites to 17% on NBeta zeolites doped with Cu
due to its appropriate basicity/acidity. Cu/NBeta has good regeneration capability, and the weakening of Si-N
species may account for the decline of catalytic performance after successive regeneration. The catalytic
performance was restored when the regenerated catalyst was nitridated again.
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INTRODUCTION

As important intermediates in organic synthesis, acrylic acid and its derivatives, such as methyl acrylate, are
widely used in producing adhesives, synthetic resins, and paint and coating additives. Acrylic acid can be
obtained through the two-step oxidation of propylene, of which the first step is propylene oxidation to
acrolein, then further oxidation to acrylic acid”, and esterification to methyl acrylate. This process is long
and complex, and there is a risk of excessive oxidation of propylene and the required products. In addition,
this route depends on the fossil resources and is not environmentally benign and sustainable. Therefore, it is
essential to develop a new alternative. In recent years, the one-step preparation of methyl acrylate from
methyl acetate and formaldehyde through the aldol condensation has attracted extensive attention'*. This
is a promising and even renewable pathway for producing methyl acrylate because both the feedstocks,
formaldehyde and methyl acetate, can be derived from bio-based methanol.

At present, aldol condensation reactions are mainly carried out on solid catalysts, including acidic"***,
,and acid-base bifunctional catalysts!
zeolites”'*. Khalameida ef al. reported titanium phosphates for aldol condensation of acetic acid and
formaldehyde with an acrylic acid selectivity of 80%”. Ma et al. used HZSM-35 and Cs/ZSM-35 zeolites to
catalyze the aldol condensation'®”. They believed that the medium and weak strong acids in the catalyst
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basic' .. Solid acidic catalysts mainly include phosphates™ and

benefit this reaction. Although solid acidic catalysts have fairly good catalytic performance, the selectivity of
methyl acrylate is relatively low due to many side reactions caused by the strong acidic sites. Solid basic
catalysts are mainly supported alkali metal/alkaline earth metal catalysts''*'*.. He et al. loaded Li, Na, K, Rb,
and Cs on SBA-15 to catalyze the reaction of methyl acetate and formaldehyde to synthesize methyl
acrylate"”. They found that Cs/SBA-15 had the best reaction performance, and the selectivity of methyl
acrylate was 91%"'. Yan et al. also obtained the similar results on Cs/SBA-15 with methyl acrylate selectivity
of 95%, but the conversion of methyl acetate was as low as 48%"”. Although supported basic catalysts have
high selectivity for methyl acrylate, they are usually unstable, prone to deactivation and difficult to
regenerate. The acid-base bifunctional catalysts with balanced acidic and basic properties show good
catalytic performance in aldol reaction owning to the acid-base synergistic effect"®'”. Formaldehyde is
protonated to form C' cation on the acidic site, and methyl acetate is activated to remove a-H to form o-C
anion on the basic site. Then, the addition of the C' cation to the a-C" anion forms an unstable intermediate
aldol, and a molecule of water is removed on an acidic site to form methyl acrylate"”. Bao et al. reported a
bifunctional Ba-La/Al,O, catalyst, the conversion of methyl acetate was ~40%, and the selectivity of methyl
acrylate was ~94%"". Guo et al. demonstrated that the vanadium phosphorus (VP) oxide catalyst with a P/V
atomic ratio of 1.2 exhibited the best activity due to the higher fraction of VOPO, entity and (VO),P,O,
phase with balanced acidity and basicity”'. Zhao et al. reported that y-ALO, loaded VP oxide (VPO)
exhibited a conversion of 42% for formaldehyde and a selectivity of 92% for methyl acrylate®. VPO
supported on SBA-15 and HZSM-5 also showed good performance to prepare methyl acrylate®™. However,
VPO catalyst systems are relatively complex, and many factors such as phase composition, V**/V** ratio,
support and promoter¥ affect their activity. Therefore, it is necessary to develop the simple and efficient
acid-base bifunctional catalysts for aldol reaction and the relationship between acidity/basicity and activity
needs to be further understood. High-temperature nitridation of zeolites in ammonia results in both acidic

26-28

and basic sites on the surface® ", which has been applied in some acid-base catalytic reactions™".
However, the preparation of methyl acrylate by aldol condensation catalyzed by nitrogen-containing

zeolites has not been well studied.

In this paper, we prepared the nitrogen-containing Beta (NBeta) from H-form Beta (HBeta) zeolites
through nitridation in ammonia at high temperatures, and their catalytic performance of the aldol
condensation to prepare methyl acrylate was compared in detail. Addition of Cu into NBeta was employed
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to tune the acidity and basicity and further improved the reaction performance. The reactivity correlation
with the structure and acid-base properties was revealed by X-ray diffraction (XRD), N, adsorption,
elemental analysis, silicon-29 magic angle spinning nuclear magnetic resonance (**Si MAS NMR), Fourier
transform infrared spectroscopy (FT-IR), temperature-programmed desorption (TPD) of ammonia (NH,-
TPD), and TPD of carbon dioxide (CO,-TPD). The regeneration capability and deactivation mechanism of
the spent catalyst was also investigated.

EXPERIMENTAL

Catalyst preparation

NH,Beta zeolites (Si/Al = 19, Zeolyst) were calcinated at 550 °C in a muffle furnace to obtain HBeta. The
nitridation of HBeta zeolites was performed in an NH, flow at high temperatures. The samples obtained
were denoted as NB-p, where p represents the nitridation temperature, ammonia flow rate, or nitridation
time.

The supported Cu/NBeta catalysts with different Cu contents were prepared by impregnating NBeta zeolites
with desired amount of Cu(NO,), solution and then were dried at 110 °C and calcined at 450 °C in N,
atmosphere. The Cu mass content was measured by inductively coupled plasma (ICP).

The regeneration of the spent catalyst was conducted in a flowing air atmosphere at a rate of 50 mL/min at
580 °C for 5 h. The re-nitridation of the regenerated catalyst was conducted in the same procedure as the
nitridation of HBeta zeolites.

Characterizations
Powder XRD (PXRD) patterns were collected on an X-ray diffractometer (Rigaku Smartlab) using Cu Ka
radiation (40 kV and 100 mA) with a scanning rate of 8°/min in the range of 26 = 5°-50°.

N, adsorption experiments were performed at -196 °C on Micromeritics ASAP 2460. The samples were
pretreated at 300 °C for 4 h before measurements. The total specific surface areas were calculated using the
Brunauer-Emmett-Teller (BET) method, and the pore volumes were calculated by N, volume adsorbed at
relative pressures close to p/p, = 1.

Nitrogen element analysis was carried out on a Vario EL analyzer with a test temperature of 1,000 °C using
oxygen and high-temperature oxidants as additives. Three parallel tests were conducted and the average
value was taken.

Ultraviolet-visible (UV-vis) diffuse reflectance spectra were collected from 190-800 nm using a JACSO
UV-550 spectrometer.

»Si MAS NMR experiments were conducted on the Agilent DD2-500MHz spectrometer with a resonance
frequency at 99.3 MHz using a 6 mm probehead and spinning rate of 6 kHz. The spectra were acquired with
a /4 pulse width of 2.8 us, a recycle delay of 120 s and 200 scans. Chemical shifts were referenced to
tetramethylsilane.

FT-IR experiments were performed on a Thermo Fisher Nicolet iS10 spectrometer equipped with an
environmental temperature chamber (PIKE Technologies). All spectra were collected at 25 °C by
accumulating 64 scans after the samples were dehydrated at 400 °C for 30 min under flowing N,
atmosphere. Nicolet OMNIC software converted the absorbance data into Kubelka-Munk format.
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CO,- or NH,-TPD experiments were performed using a homemade instrument with mass spectrometry
(Pfeiffer Omini-star, GSD-320) to characterize the basic and acidic sites over the catalysts, respectively.
Typically, 37 mg of sample was used in each measurement. The sample was first purged with nitrogen at
300 °C for 0.5 h at a 10 °C/min heating ramp rate and then cooled down to 100 °C. A flow of 40%vol CO,/N,
or 1%vol NH,/N, was introduced into the tubular catalyst bed for 30 min. After purging the catalyst bed for
about 2 h with N, to remove the physisorbed CO, or NH,, the catalyst was heated up to 750 °C at a
10 °C/min heating ramp rate.

Thermogravimetric (TG) measurements were conducted on an SDT-Q600H TG analyzer at a heating rate
of 10 °C/min from room temperature to 800 °C in air flow.

TPO experiments were conducted on a homemade instrument. The samples were raised from 100 to 800 °C
at a rate of 10 °C/min in 10% O,/N, gas, and the signal curve of CO, in exhaust gas was continuously
detected by a mass spectrometer (Pfeiffer Omini-star, GSD-320).

Catalytic test

The formaldehyde conversion with methyl acetate was carried out in a 50 mL stainless steel autoclave.
Before reaction, certain amounts of 37% formaldehyde aqueous solution, i.e., formalin, methyl acetate, and
catalyst, were added into the reactor. The mixture was stirred at 1,200 ppm with a mechanical stirrer and
heated to the desired reaction temperature. After reaction, the liquid products and the solid catalyst were
separated by centrifugation, and a certain amount of isopropanol was added as an internal standard. The
products were analyzed by a gas chromatograph (Shanghai Tianmei GC-7900) equipped with a flame
ionization detector (FID) plus a HP-5 capillary column and a thermal conductivity detector (TCD) plus a
packed GDX-403 column. The formaldehyde conversion and selectivity were calculated by:

my—m
——x100%

Formaldehyde conversion = -
0

MA
P _ x 1009
electivityya MA + ¥y raduc 1o

where m, is the mass of formaldehyde fed into the reactor; m is the mass of formaldehyde after reaction; MA
and m,, 4. stand for the mass of methyl acrylate and by-product derived from formaldehyde, respectively.

The acetone derived from methyl acetate cannot be ignored in the reaction. Therefore, the selectivity of
acetone was calculated, based on the consumed methyl acetate, by:

n
Selectivity of acetone = ——<%"° % 100%
Nyac consumed

where n and n,,,. are the molar quantities of acetone and methyl acetate, respectively.

acetone

RESULTS AND DISCUSSION

Aldol condensation catalyzed by NBeta zeolites

As a comparison, the catalytic performance of the aldol condensation over HBeta zeolites was evaluated,
and the results are shown in Figure 1. For HBeta, methyl acrylate selectivity is about 82%, and formaldehyde
conversion is 90%. Still, lots of by-products were detected over HBeta zeolites. Although the acidic sites were
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Figure 1. Reaction performance of HBeta zeolites before and after nitridation. Reaction conditions: 320 °C, 6 h, methyl
acetate/formaldehyde molar ratio = 4. HBeta: H-form Beta; NBeta: nitrogen-containing Beta.

reported to be essential to improve the aldol condensation™'", strong acidic sites lead to many side reactions
such as olefin polymerization and cracking to increase by-product and coke contents. After nitridation,
formaldehyde conversion and methyl acrylate selectivity increase to 97% and 94%, respectively, over NBeta
catalyst. This indicates that nitridation can enhance the catalytic performance of aldol condensation. We
also calculated the acetone selectivity in the by-products based on methyl acetate. It is 6% on NBeta zeolites,
higher than HBeta zeolites. This demonstrates that although the increase of basic sites after nitridation
improves the methyl acrylate selectivity, it will also form acetone due to the self-condensation of methyl
acetate . That is to say, both the acidity and basicity of the catalyst significantly influence the reaction
performance. The nitridation conditions could affect the acidity and basicity balance of the catalyst.
Therefore, we evaluated and optimized the reaction performance of NBeta zeolites prepared under different
nitridation conditions, and the results are shown in Supplementary Figures 1-3. By adjusting the nitridation
temperature and time and NH, flow rate, it was found that NB-800 catalyst exhibited the best performance
in the aldol condensation after nitridation in 65 mL/min NH, at 800 °C for 12 h. A formaldehyde
conversion of 97% and methyl acetate selectivity of 94% was achieved on NB-800 catalyst; therefore, it was
selected as a potential catalyst for optimizing aldol reaction conditions.

Effect of the aldol reaction conditions

The effect of reaction temperature in the range of 300-360 °C on the aldol reaction performance was
investigated over NB-800 catalyst and the results are shown in Figure 2. It can be seen that the reaction
temperature greatly influences the selectivity of methyl acrylate. When the reaction temperature rises from
300 to 320 °C, the selectivity of methyl acrylate increases from 70% to 94% and that of others decreases from
23% to 3%. When the reaction temperature exceeds 320 °C, the selectivity of by-products increases,
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Figure 2. Effect of reaction temperature on catalytic performance of aldol condensation. Reaction conditions: 0.1g NB-800, 6 h, methyl
acetate/formaldehyde molar ratio = 4.

decreasing methyl acrylate selectivity. The conversion of formaldehyde is close to 100% without significant
change upon reaction temperature. Given both the conversion and selectivity, the optimal reaction
temperature is 320 °C. We also optimized other reaction conditions on the NB-800 catalyst for the aldol
condensation [Supplementary Figures 4-6]. A formaldehyde conversion of 97% and methyl acrylate
selectivity of 94% were achieved at optimal 320 °C, reaction time of 6 h, methyl acetate/formaldehyde molar
ratio of 4, and catalyst mass of 0.1 g.

Effect of the acidity and basicity on the catalytic performance

It can be seen from Figure 1 that after nitridation of HBeta zeolites, both the formaldehyde conversion and
the methyl acrylate selectivity are enhanced, but the acetone selectivity, a by-product produced by the self-
condensation of methyl acetate, also increases. Basically, the production of by-product acetone may be due
to the strong basicity of the catalyst®**. In general, copper oxide is used as a mild Lewis acid site in many
reactions”. Thus, Cu was loaded on NBeta catalyst in order to tune the acid-base balance and further
improve the reaction performance. As shown in Figure 3, as Cu content increases from 1% to 4%, the
acetone selectivity decreases from 6% to ~1%, and the formaldehyde conversion is nearly unchanged.
However, too much Cu addition decreases the methyl acrylate selectivity. Overall, 2 wt% Cu/NB-800
exhibits the best methyl acrylate selectivity of 95%, formaldehyde conversion of 99%, and the acetone
selectivity is only 1.3%. In this case, the carbon balance was calculated to be 91%. We also compared the
reaction performance of 2 wt% Cu/NB-800 and 2 wt% Cu/HBeta catalysts in Supplementary Figure 7. It is
found that 2 wt% Cu/NB-800 shows both higher formaldehyde conversion and methyl acrylate selectivity
than 2 wt% Cu/HBeta. This further indicates that a proper balance of acidity and basicity on NBeta zeolites
benefits the aldol condensation.
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Figure 3. Effect of Cu loading on catalytic performance of aldol condensation. Reaction conditions: 320 °C, 6 h, methyl
acetate/formaldehyde molar ratio = 4. HBeta: H-form Beta; NBeta: nitrogen-containing Beta.

Catalyst characterization

XRD, N, adsorption and nitrogen elemental analysis

Figure 4 shows the XRD patterns of HBeta and NB-800 zeolites with different Cu contents. It can be seen
that all samples have the typical Beta zeolite structure. After nitridation and loading Cu, the positions of
the main diffraction peaks of the zeolites remain unchanged, and there is no diffraction peak of CuO due to
its high dispersion on the surface of zeolites". Nevertheless, the intensities of the diffraction peaks slightly
decrease. This is possibly due to the reduced crystallinity caused by the partial collapse of the framework
during nitridation at a temperature as high as 800 °C. Introducing a small amount of Cu does not alter the
framework structure of NBeta zeolites while more Cu added causes the partial loss of crystallinity probably
due to the stronger interaction between Cu acting as acid sites and basic sites on NBeta zeolites. The textural
properties of the samples were determined by N, adsorption-desorption isotherms in
Supplementary Figure 8. The specific BET surface areas, pore volumes and nitrogen contents of HBeta and
Cu/NBeta zeolites are summarized in Table 1. After nitridation, the specific surface area and pore volume of
HBeta decrease obviously, but NBeta still possesses large surface area and pore volume and its nitrogen
content is up to 2.1 wt%. The addition of 1 wt% - 3 wt% Cu gradually decreases the surface area and the pore
volume, but 4 wt% Cu causes a remarkable reduction in the surface area and the pore volume. UV-vis
spectra of Cu/NBeta zeolites are demonstrated in Supplementary Figure 9. It shows that most of the Cu
species exist in the form of isolated Cu*". When the Cu loading increases to 4 wt%, the number of clustered
CuO species increases readily. This may be the reason for the sharp decrease in the surface area and pore
volume. There is no significant change in the nitrogen content of the samples modified by Cu [Table 1].
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Table 1. BET surface areas, pore volumes and N contents of the samples studied herein

Samples Sger (M/2) Viore (cm’/g) N content (wt%)
HBeta 568 0.29 -

NB-800 436 0.26 21

1Cu/NB-800 385 0.22 1.9

2Cu/NB-800 373 0.22 2.0

3Cu/NB-800 367 0.21 1.7

4Cu/NB-800 334 0.19 2.0

BET: Brunauer-Emmett-Teller; HBeta: H-form Beta.

JL_‘____J\___ 4Cu/NB-800
JL..\__/’\_ 3Cu/NB-800

M R 2Cu/NB-800
M N 1Cu/NB-800
'/L.M__//\\N . NB-800
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Intensity (a.u.)

Figure 4. XRD patterns of HBeta and NBeta zeolites with different Cu loadings. XRD: X-ray diffraction; HBeta: H-form Beta; NBeta:
nitrogen-containing Beta.

»Si MAS NMR and FT-IR spectra

The formation of different NH, species on the surface of nitrogen-containing samples can be detected by
*Si MAS NMR and FT-IR spectroscopy. Figure 5A presents the **Si MAS NMR spectra of HBeta and NBeta
with different Cu contents. The signals at around -112 and -116 ppm can be assigned to Si(OSi), species in
Beta zeolites. The signal at -107 ppm belongs to Si(OAI)(OSi), species. Additionally, the signal at -103 ppm
is attributed to Si(OH)(OSi), groupings”™**. After nitridation, a new resonance peak appears at -93 ppm in
NBeta zeolites, which is attributed to Si-N bonds™. This indicates that N atoms have substituted partial O
atoms to enter the framework of Beta zeolites. The addition of Cu did not lead to the disappearance of such
Si-N species, which is consistent with the results of nitrogen element analysis.

Figure 5B shows the FT-IR spectra of HBeta and NBeta with different Cu loadings. The spectrum of the
parent HBeta zeolites shows bands at ~3,743 and 3,607 cm™', which are assigned to silanols and bridging
Si-OH-Al hydroxyls, respectively”. After nitridation at 800 °C, the two peaks mentioned above are sharply
decreased, and the new bands at ca. 3,417, 3,395 and 3,339 cm' appear, which are sequentially assigned to
Si-NH,, Si-NH-Si and Si-NH,-Al moieties*>*". This demonstrates that during the nitridation process, NH,
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Figure 5. (A) °Si MAS NMR and (B) FT-IR spectra of HBeta and NBeta zeolites with different Cu loadings. *°Si MAS NMR: Silicon-29
magic angle spinning nuclear magnetic resonance; FT-IR: Fourier transform infrared spectroscopy; HBeta: H-form Beta; NBeta: nitrogen-
containing Beta.

reacts with Si-OH and Si-OH-Al to form Si-NH, and Si-NH,-Al, respectively. Besides, part of Si-NH,
continues to react with Si-OH or Si-NH, to form Si-NH-Si"*’.. This also proves that N atoms replace part of
O atoms in the framework of Beta zeolites, which is consistent with the results from **Si MAS NMR and
nitrogen element analysis. After the modification of NBeta with Cu, the bands at ~3,417, 3,395 and
3,339 cm' still exist, indicating almost no loss of N atoms during the loading of Cu. In addition, the peaks
associated with extra-framework AIOH species increase at 3,733 and 3,691 cm™ for NBeta loaded with Cu,

possibly due to the dissociation of hydrolyzed [AI(OH),]" cations promoted by copper ions'*”.

NH,-TPD and CO,-TPD profiles

The acidity of HBeta and NBeta with different Cu loadings was investigated using the NH,-TPD technique
[Figure 6A]. The number of different acidic sites can be quantitatively calculated from the deconvoluted
signal areas under the corresponding TPD curve', and the results are listed in Table 2. Apparently, both
the nitridation and the modification of Cu have a certain impact on the amount and strength of the acidic
sites over Beta zeolites. According to the peak fitting of the spectrum, HBeta zeolites have three obvious
NH, desorption peaks centered at 230, 340 and 500 °C, which belong to the weak, medium-strength and
strong acidic sites, respectively. The strong and medium-strength acidic sites of NBeta disappear with only a
small amount of weak acidic sites left [Table 2], indicating the nitridation decreases both the amount and
the strength of the acidic sites over HBeta, which may be due to the substitution of O atoms by N atoms
after high-temperature nitridation*. After the modification of NBeta with Cu, the number of acidic sites,
especially the medium-strength and strong acidic sites, increases with rising Cu content from 1 wt% to
4 wt%. Furthermore, 1Cu/NB-800 has more medium-strength acidic sites than NB-800. When Cu loading
increases to 2 wt%, strong acidic sites appear with an NH, desorption signal at 410 °C, whose acid strength
is lower than HBeta. The number of medium-strength and strong acidic sites gradually increases as Cu
content rises from 2 wt% to 4 wt%. However, the total acid amount is far lower than that of HBeta.

Figure 6B shows the basicity characterization results from CO,-TPD measurement. The number of basic
sites of corresponding samples is listed in Table 2. HBeta zeolites have only one CO, desorption peak
centered at 380 °C, indicating HBeta zeolites have a few weak basic sites"™. After nitridation, new CO,
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Table 2. Acidic and basic properties of HBeta and Cu/NBeta catalysts with different Cu contents

Acidic site . Basic site

Samples (umol/g) Total acid amount (umol/g) Total base amount
Weak Middle Strong (umol/g) Weak Middle Strong (nmol/g)

HBeta 12 71 47 130 1.9 - - 19

NB-800 3 - - 3 11 8.0 2.1 n.2

1Cu/NB-800 4 5 - 9 2.0 5.8 1.8 9.6

2Cu/NB-800 3 10 3 16 23 5.0 - 7.3

3Cu/NB-800 5 15 8 28 0.4 2.0 - 2.4

4Cu/NB-800 5 15 13 33 0.4 1.7 - 2.1

HBeta: H-form Beta; NBeta: nitrogen-containing Beta.
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Figure 6. (A) NH5-TPD and (B) CO,-TPD profiles of HBeta and NBeta zeolites with different Cu loadings. TPD: Temperature-
programmed desorption; HBeta: H-form Beta; NBeta: nitrogen-containing Beta.

desorption peaks centered at ~480 and ~610 °C appear, which are attributed to the medium-strength and
strong basic sites. Both the amount and the strength of basic sites over NBeta increase obviously compared
to HBeta. After addition of Cu, both the amount and the strength of basic sites over NBeta decrease. The
strong basic sites disappear when Cu content increases to 2 wt% and the number of basic sites decreases
gradually with the Cu content. This indicates that the addition of Cu mainly covers the strong basic sites,
and excessive Cu addition also has a certain impact on the medium-strength basic sites.

By correlating the characterization results of NH,- and CO,-TPD with the reaction performance, we can
conclude that both the acidity and basicity influence the catalytic performance. HBeta gives lower selectivity
to methyl acrylate due to large amounts of other products formed over strong acidic sites. Nitridation of
Beta decreases the acidic sites and increases the basic sites. Thus, NBeta shows higher selectivity to methyl
acrylate than HBeta, which means that decreased acidic sites and increased basic sites could inhibit the side
reactions and boost the aldol reaction. However, NBeta displays higher selectivity to acetone than HBeta,
indicating that although the basic sites can boost the aldol reaction, strong basic sites are unfavorable for the
whole reaction due to the formation of acetone. Adding Cu decreases both the amount and the strength of
the basic sites over NBeta and thus inhibits the formation of acetone. In addition, the increase of medium-
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strength acidic sites with an appropriate amount after the addition of Cu is also beneficial for the aldol
reaction, i.e., the activation of formaldehyde and the dehydration of the intermediate aldol to methyl
acrylate. However, the selectivity to others increases over 4Cu/NBeta due to the presence of strong acidic
sites. Furthermore, 2Cu/NBeta with a proper number of basic sites and acidic sites with medium strength
results in ca. 95% methyl acrylate selectivity and only about 1% acetone selectivity.

TG/DTG analysis

The TG analysis results of different samples after reaction are shown in Figure 7. TG profiles in Figure 7A
display two obvious weight loss peaks centered at ~380 and ~535 °C according to the derivative
thermogravimetry (DTG) results in Figure 7B. Combined with the TPO measurement shown in
Supplementary Figure 10, no CO, signal is found when the temperature is lower than 200 °C, indicating that
the weight-loss peak before 200 °C in Figure 7B is from water on the catalyst surface. Based on DTG and TG
diagrams, the main carbon weight-loss peak on HBeta appears at about 535 °C with only a weak weight-loss
peak at ~380 °C. This can be attributed to the carbon deposits formed on the strong acidic centers and weak
acidic centers of the catalyst'”, respectively. For spent HBeta, the coke content reaches as high as ~28%. For
NBeta after aldol reaction, the coke content decreases to 20% owing to the reduced acid strength and density
on Beta zeolites. When Cu was introduced on NBeta, the coke content further decreases to ~17%. This
means that a balanced acidity and basicity on 2Cu/NBeta enhanced the aldol reaction performance and
reduced the by-products that may cause coke.

Successive regeneration of spent Cu/NBeta catalyst

The regeneration capability of spent catalyst is very important for its practical applications. Figure 8 shows
that both formaldehyde conversion and methyl acrylate selectivity can be properly restored after three
successive regeneration cycles of the 2 wt% Cu/NBeta catalyst. Formaldehyde conversion decreases from ca.
99% to 86%, and methyl acrylate selectivity decreases slightly from 95% to 90% after the fourth regeneration
cycle.

The 2 wt% Cu/NBeta catalyst before and after regeneration was characterized by XRD, *Si MAS NMR, and
CO,-TPD to investigate the deactivation mechanism during regeneration by air. XRD patterns of the
catalyst before and after regeneration in Supplementary Figure 11 indicate the intensities of the
characteristic diffraction peaks decrease gradually after successive regeneration cycles. The intensity of the
diffraction peak at 35.6° rises with the increase of the cycling numbers. This may be due to the accumulation
of some unremoved coke on one of the crystal faces as the cycling numbers increase. *’Si MAS NMR was
employed to characterize the local structures of the catalyst before and after regeneration [Figure 9]. The
Si-N signal at -93 ppm can be restored to some extent after regeneration, ensuring the high selectivity to
methyl acrylate. However, the Si-N species decrease gradually with the increase of regeneration times. After
the fourth regeneration, the Si-N signal basically disappears. We further investigated the basicity of 2Cu/
NBeta before and after regeneration by CO,-TPD [Figure 9], and the quantity of basic sites is provided in
Supplementary Table 1. The total number of basic sites decreases gradually from 7.3 to 2.1 pmol/g after four
successive regenerations, which is consistent with the results from *Si MAS NMR. Meanwhile, the total
amounts of acidic sites increase from 16 to 21.4 pmol/g determined by NH,-TPD [Figure 9 and
Supplementary Table 1], indicating that the increase of cycling times results in the decrease of basic sites
and increase of acidic sites of the catalyst. This may lead to the decrease of selectivity to methyl acrylate. We
speculate that this phenomenon may be caused by the replacement of N atoms by O atoms during the
successive regenerations in air. If so, the regenerated catalyst was re-nitridated in ammonia, and the Si-N
bonds may be recovered. Indeed [Figure 9A], the Si-N signal at -93 ppm appears again on the re-nitridated
RE-5-N sample. And the total basic sites and acidic sites on this sample are almost restored to those of the
fresh 2Cu/NBeta catalyst. Additionally, the intensity of the diffraction peak at 35.6° decreases remarkably in
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Figure 7. (A) TG and (B) DTG profiles of spent HBeta and Cu/NBeta catalysts. TG: Thermogravimetry; DTG: derivative
thermogravimetry; HBeta: H-form Beta.
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Figure 8. Catalytic performance of spent 2Cu/NBeta after successive regeneration cycles. NBeta: Nitrogen-containing Beta.

the XRD pattern of the RE-5-N sample. This means the coke that cannot be completely removed during the
regeneration process was further eliminated in the re-nitridation process at higher temperatures. All these
factors result in the recovery of the catalytic performance of the RE-5-N sample to that of the fresh catalyst
[Figure 8].
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Figure 9. (A) 25 MAS NMR spectra, (B) CO,-TPD and (C) NH,;-TPD profiles of the 2Cu/NBeta before and after regeneration cycles.
25i MAS NMR: Silicon-29 magic angle spinning nuclear magnetic resonance; TPD: temperature-programmed desorption; NBeta:
Nitrogen-containing Beta.

CONCLUSIONS

In this study, the catalytic performance of the one-step condensation of bio-based formaldehyde and methyl
acetate to renewable methyl acrylate was evaluated over Cu-modified NBeta catalysts. *’Si MAS NMR,
FT-IR, NH,-TPD, CO,-TPD, and nitrogen element analysis reveal that nitridation reduces the strength and
quantity of acidic sites and increases the basic sites because of the Si-N bond formation in the framework of
Beta zeolites. This benefits promoting the methyl acrylate selectivity and reducing the coke content.
However, strong basic sites over NBeta zeolites result in the by-product acetone. The modification of Cu
decreases the strong basic sites of NBeta and introduces moderate acid sites, thus inhibiting the formation
of acetone. High methyl acrylate selectivity of 95% and formaldehyde conversion of 99% were achieved over
Cu/NBeta acid-base bifunctional catalyst with proper medium-strength acidic and basic sites in optimized
conditions. The coke content of the spent catalyst is lowered from 28% on HBeta to 17% on Cu/NBeta. It
has a certain regeneration capability. After four times of regeneration cycles, the reaction performance
decreases slightly due to the weakening of the Si-N species. However, the re-nitridation of the regenerated
catalyst results in the recovery of the catalytic performance.
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