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Abstract

A green, sustainable process route to produce methallyl alcohol via tandem reaction concluding a-H oxidation, esterification
and hydrolysis reaction is discussed. Pd—Au bimetallic nanocatalysts over SiO, mixed oxides incorporating K** and A1** like
promoters were prepared by equivalent volume impregnation, which is using catalyzed the tandem reaction. Homo-dispered
Zn0-52082— nanoparticles supported on ZSM-5 were prepared by ultrasonic adsorption method, which is using catalyzed
hydrolysis reaction. Characterization by transmission electron microscopy confirmed that alloyed Pd/Au nanoparticles with
a mean diameter of 0.5 to 1.0 nm were formed. The results of X-ray diffraction confirmed that the crystal structure were Pd/
Au(111). The electronic effect and geometric effect of Pd/Au significantly improved the catalytic performance. The effects
of reaction pressure, temperature, and ratio of material were discussed in details. The catalytic activity of ZnO-S,04*7/
ZSM-5 exhibited more excellent than H,SO, and other reported catalysts with 100% conversion and selectivity. The excellent
catalytic activity of ZnO-S,04>"/ZSM-5 may be attributed to the synergistic effect from the nano-effect of ZnO-S,04>~
nanoparticles and the mesostructure of ZSM-5, and the pore size, number of Bronsted acid sites. The reaction temperature
are critical factors affecting the catalytic activity for this system. Based on the results, a supposed mechanism of the tandem
and hydrolysis reaction was proposed.

Graphic Abstract
Atom economic green reaction: acetyl oxidation and hydrolysis reaction.
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1 Introduction

Circular Economy has emerged as a current research topic
that is shaping public policy in America, Europe and else-
where [1, 2], which is based on the natural cycle and evi-
dences a perfectly balanced operation. In the circular econ-
omy, there is no such thing as waste, because it becomes a
new source of resources, which, if possible, should promote
value to the new product [3]. Methallyl alcohol has been
being applied in industrial products and food fields as the
intermediate substance and additive [4, 5]. Especially, it is
used for the new generation of high-performance concrete
super plasticizers raw material-methyl allyl polyoxyethyl-
ene ether [6], which has a promising market. At the end of
the 12th 5-year plan [7, 8], the demand for concrete admix-
tures only in the field of methylallyl polyoxyethylene ether
will reach 236,600 t, and the annual demand for methylallyl
alcohol will reach 10,000 t. Meanwhile, methallyl alcohol
replaces the toxic allyl alcohol to produce polycarboxylate
cement superplasticizer [9], which makes the market pros-
pect of methyl allyl alcohol more clear.

Traditional methods of the methallyl alcohol synthesis
relied on the hydrolysis of isobutene chloride with alkaline
conditions or on the selective hydrogenation of methylacr-
olein. The first method refers to the process where chlorina-
tion of isobutene to synthetic isobutene chloride, which is
hydrolyzed under alkaline conditions to generate methallyl
alcohol, described as Scheme 1a. The method is the most
widely used technical route in most of the countries all over
the world. However, the method has drawbacks of low selec-
tivity and yield, meanwhile by-product high salt wastewater.
For the last method, isobutene is oxidized to methylacrolein,

Scheme 1 The reaction of syn-
thesis of methallyl alcohol
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which is hydrogenated to methallyl alcohol, described as
Scheme 1b. Although this method can be realized in terms
of reaction principles and forces, the first step involves a
large number of side reactions, resulting in low selectivity
of methylacrolein. Due to the presence of double bonds and
aldehyde groups, selective hydrogenation of the aldehyde
group is required, resulting in low selectivity and high total
production and construction costs. The industrial applica-
tions of these methods still limited due to the time consum-
ing (multi-steps to remove the by-products), high cost and
high pollution. Therefore, it is necessary to develop a simple,
efficient and green synthesis route of methallyl alcohol.
Numerous reports are available on the synthesis of vinyl
acetate and allyl acetate from ethylene by oxygen acylation
[10, 11], which inspires our research. The preparation of
carboxylate by olefin acetylation is a process that combines
olefin a-H oxidation and esterification, which represents the
development trend of unsaturated olefin carboxylate synthe-
sis technology. Methallyl alcohol was prepared by hydrolysis
of isobutene acetate. In this paper, we have prepared Pd—Au
bimetallic nanoparticles supported on SiO, with core—shell
structure by constant volume impregnation method, which
is using catalyzed the tandem reaction of oxygen acylation.
Traditionally, carboxylate is hydrolyzed to synthesize alco-
hol via Brgnsted bases in order to achieve higher yields,
which produces a amount of waste salt. Therefore, we devel-
oped homo-dispered ZnO—Szogz_ nanoparticles supported
on ZSM-5 (Zn0-S,04>7/ZSM-5) by ultrasonic adsorption
method [12, 13]. The hydrolysis reaction of carboxylate is
carried through the neutral catalyst successfully with conver-
sion and selectivity 100%. The reaction run by this method
meets the principles of circular economy [14, 15]: the raw
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material-acetic acid could be recycled from the final prod-
ucts and the H,O (by-products) could be using efficiently.

2 Experimental

2.1 Preparation of Catalysts and Its
Characterizations

Sodium silicate (98%), Potassium acetate (98%), Palladium
acetate (98%), gold acetate (98%), Zn(NO;),-6H,0 (98%)
and (NH,),S,0; were analytical and purchased from SIN-
OPHARM Chemical Reagent Co., Ltd. SiO, spheres and
ZSM-5 were obtained by Nanjing KFNANO Materials Tech
Co., Ltd.

Pd—Au/SiO, core—shell catalyst was prepared by a method
of constant volume impregnation. SiO, spheres, palladium
acetate, gold acetate were used as raw materials, whereas
sodium silicate was used as the agent which could convert
Pd** into Pd(OH),. The potassium acetate was used as the
promoted agent. The catalyst was drying at 120 °C for 24 h,
and calcined at 500 °C for 6 h in a hydrogen atmosphere.

The Zn(NO;), aqueous solution was slowly added to
the ZSM-5, then the mixture was evenly dispersed in an
ultrasonic cleaner for 15 min. The mixture was dried at
45 °C for 12 h, and calcined at 350 °C for 6 h to get the
ZS. A (NH,),S,0¢ aqueous solution was slowly added to
the ZnO/ZSM-5 to afford (NH,),S,04-ZnO/ZSM-5, which
was also dried at 45 °C for 12 h, and calcined at 300 °C for
6 h. During the process of calcinations, the temperature was
increased at the rate of 1 °C/min, starting from 50 °C.

The characterizations of the catalysts were performed
using the conventional techniques. Their morphology,
chemistry, and crystal structure were characterized as
the nanoscale. The samples were measured st room tem-
perature with Cu K, radiation in the 20 range of 5° to
90° using a STADI P automated transmission diffractom-
eter (Ultima IV) equipped with a linear PSD (XRD). The
chemical composition of the catalysts was established by
means of X-ray fluorescence spectroscopy (XRF) on a VRA
30 spectrometer. The surface morphology of the catalysts
were observed using a FEI Sirion 200 field-emission scan-
ning electron microscope (SEM). TEM micrographs were
recorded with a CM20 microscope (FEI) equipped with a
STwin and LaBy, at 200 kv. For EDX measurements without
internal standard a PV9900 analyzer (EDAX) was used with
spot sizes of approximately 50 nm. The X-ray photoelec-
tron spectroscopy (XPS) measurements were recorded on
a Thermo ESCALAB 250XI system with Mg K, radiation
(E=1253.6 eV). The Fourier transform infrared (FT-IR)
spectra were performed on a Nicolet 360 FT-IR instrument
in the 4000-400 cm™! region. N, adsorption—desorption iso-
therms and specific surface areas were measured at — 196 °C
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using a Micromeritics ASAP 2020 surface area and poros-
ity analyzer. The infrared spectra of absorbed pyridine
(pyridine-IR spectra) were gained on a PE Frontier FT-IR
spectrometer.

2.2 Application System

The application system, shown schematically in Scheme 2,
concludes mainly five parts: the feeding system, the pre-
heating system, the reaction system, the heating and con-
densation system as well as the control and security system.
The two metering pumps (Beijing Chuangxin Tongheng
Science & Technology Co. Ltd. China) were used to feed
separately CH;COOH and isobutene, and the circulation
pump (HANGZHOU Alkali Pump Co., Ltd. China) was
used for the reaction medium loop. The gas flowing into the
reactor was controlled by a gas pressure regulator device
to adjust the pressure. The reactor was made from 316 L
stainless steel, which concludes a fixed bed and jacket heat
exchanger. The temperature of bed was adjusted by chang-
ing the flowrate of the outer oil circulation. The gas-liq-
uid-solid three-phase system inside the draft tube followed
downwards and was uniformly dispersed in the bed due to
the fluxion of gas-liquid, increasing the efficiency of the
reaction. The unreacted gas rose from the bottom and was
re-dispersed with the liquid—solid binary phase by the suck-
ing action. The reaction solution was filtered by a separator.
Meanwhile, reactive mother liquor and the catalyst, were
continuously recycled, feedstocks were continuously added
into the system.

2.3 Synthesis of Methallyl Alcohol

The synthesis of methallyl alcohol was carried out in
the reaction system according to the equation shown in
Scheme 3. The reaction system concludes two parts: acetyl
oxidation and ester hydrolysis. As shown in Scheme 2, the
applied system was filled twice with N, and three times with
O,, and a set number of catalysts were filled in the bed of
the reactor. Then, known amounts of CH;COOH and isob-
utene were added by the circulation pump. The materials
were heated to the desired temperature by preheater. N, gas
was added into the reactor to maintain the system pressure,
meanwhile, it could be diluted the reaction gas to enhance
the safety factor. When the temperature of the bed reached
the desired value, the CH;COOH, isobutene and O, were fed
continuously into the reaction system at a constant floe rate
and fixed ratio. For the ester hydrolysis, the feedstock pump
(Beijing Chuangxin Tongheng Science & Technology Co.
Ltd. China) was used to feed water. The known amounts of
reaction solution and water were added to the system. And
the catalyst was filled in the bed, the products were collected
in a 27 L tank and analyzed by gas chromatography.
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Scheme 2 The diagram of
industrial production process
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Scheme 3 The reaction of synthesis of methallyl alcohol

2.4 The Analysis of Product

The quantitative analysis of isobutene acetate was performed
chromatographically (Agilent Technologies 7820A GC sys-
tem, Palo Alto, CA, USA) on a Chrom 5 apparatus equipped
with a flame-ionization detector (FID) and using a column
packed with Chromosorb 101. The column temperature was

Gas liquid Water
Carburator Preheater
separator condensator
Thermometer Pump Static mixer  Product tank

programmed: isothermally 50 °C for 1 min, followed by an
increase at the rate 5 °C/min, isothermally 200 °C for 5 min,
then increased at the rate 20 °C/min, isothermally 220 °C for
15 min, and finally cooled to 50 °C. The quantitative analysis
was performed by the external standard method.

3 Results and Discussion
3.1 Catalyst Characterization

The morphology of Pd—Au/SiO, was characterized by SEM
and TEM. The TEM images were used to determine the indi-
vidual size and morphology of the appropriate Pd—Au nano-
particles. As shown from Fig. 1b—d, the particle sizes were
lower than 10 nm, besides, the lattice structure could be seen
clearly. We can find that almost regular spherical shaped
nanoparticles were formed. Moreover, the alloyed structure
of the received nanoparticles could be confirmed by the
XRD (Fig. 2a). The EDS results from selected TEM analy-
ses are showed in Fig. 1f. It could be seen that the four main
elements of Pd, Au, Si and O were uniformly distributed in
the prepared catalytic material, which displayed the active
components were equably dispersed in SiO,. Furthermore,
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Fig. 1 a SEM images of Pd—Au/SiO,; b—d TEM images of Pd—Au/SiO,; TEM images (e) and elemental mapping (f) of the composite Pd—Au/

Si0,

the results of XRF presented the element content was 50.6%
0,41.3% Si, 2% Pd and 1% Au.

The crystallinity of the synthesized catalyst was char-
acterized by XRD analysis showed in Fig. 2a. The results
showed the expected reflexes of a Pd/Au(111) at 38° and
40°, whose diffraction peaks could be indexed to fcc Pd
nanocrystal structure (JCPDS-05-681), fcc Au nanocrystal
structure (JCPDS-04-0784). Figure 2b presented the survey
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XPS spectrum of Pd—Au/SiO,, which indicated the exist-
ence of Pd, Au and K except to the elements of SiO, support
(Si, O, N). The Pd 3d and Au 4f XPS spectra of Pd—Au/
Si0, were given in Fig. 2¢ and d. The inspection of Pd 3d
spectrum displayed the presence of metallic Pd (Pd’ with Pd
3ds), at 335.7 eV and Pd 3d,,, at 341.2 eV) [16, 17], the posi-
tive shift for Pd 3ds,,and Pd 3d5,, could be attributed to the
change of surface electronic state. Meanwhile, the inspection



Double Catalyst-Catalyzed: An Environmentally Friendly Sustainable Process to Produce...

2665

Fig.2 a XRD of Pd-Au/SiO,; =
b survey XPS spectrum; ¢ Pd (a) (b) [}
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of Au 4f spectrum revealed the presence of Au (Au’ with
Au 4f;, at 84.1 eV and Au 4f5;, at 87.7 eV). XRD pattern of
Pd-Au/Si0O, exhibits a new diffraction peak located between
the characteristic Pd and Au diffraction features, suggesting
the formation of alloy structure.

Figure 3a and b show SEM images of ZnO-S,04° /ZSM-
5, giving almost uniform hexagonal-prisms, a typical mor-
phology of MFI crystals, which indicates the morphology
is virtually unaltered even after the loading of ZnO—SzOsz_.
It can be explained that the catalysts ZnO-S,04>/ZSM-5
(average pore size of 2.5-5.0 nm) are easily aggregated to
form nanoparticles and hence, the loading of ZSM-5 with
ZnO—SZO§ did not alter the physical morphology of the
ZSM-5 catalyst. The element mapping images (Fig. 3c)
and the corresponding energy dispersive X-ray (EDX) data
(Fig. 3d) confirm the existence of S and Zn element and
various elements of Si, O, Zn and S are homogeneously dis-
tributed in the sample ZnO-S,04> /ZSM-5.

The Fig. 4a shows the FT-IR spectra of ZSM-5 and ZnO/
ZSM-5. The band of at 1095 cm™! was related to the char-
acteristic antisymmetric stretching vibration of Si—O-Si
of ZSM-5 [18, 19]. The peaks at 798 and 466 cm™! were
assigned to the symmetric stretching vibration of Si—O [20].
It was apparent that the adsorption band at 798 cm™! moved
to 796 cm™! after loading ZnO on ZSM-5. This effect was

Binding energy(eV)

attributed to the stretching vibration of Si—O being perturbed
by Zn** in a neighboring position. The FT-IR spectra of
Zn0/ZSM-5 and ZnO-S,04> /ZSM-5 are shown in Fig. 4b.
Compared with ZnO/ZSM-5, ZnO-S,04>"/ZSM-5 showed
the emergence of new bands in the range of 900-1300 cm™,
which were attributed to the S=O or S-O bonds in the
structures of the catalyst [21, 22]. In this range, the peaks
at 1113 and 1127 cm™! were assigned to the symmetric
stretching vibration of S—O [23]. Meanwhile, the band at
1227 cm™! was assigned to the stretching vibration of S=0O
[24]. The attribution of the characteristic vibration peaks
was in keeping with the reported 82082_ ion [25, 26]. Mean-
while, the characteristic stretching vibration of ZSM-5 is
still existed. The results indicated the successful loading of
Zn0-S,04>™ nanoparticles on the ZSM-5. Figure 4c showed
the XRD patterns of ZSM-5 and ZnO/ZSM-5. The XRD dif-
fraction patterns showed peaks at 20="7.9, 8.7 22.9, 23.6 and
24.3° corresponding to ZSM-5, according to the literature
[27, 28]. Three new peaks appeared in the diffraction pat-
tern of ZnO/ZSM-5 after Zn(NO;), adsorption and calcina-
tion. The three peaks at 26 =31.8, 34.5, 36.1° correspond-
ing ZnO [29, 30]. The XRD pattern of Zn0—82082_/ZSM-5
was similar to the ZnO/ZSM-5. However, six new peaks at
20=14.7, 20.2, 21.5, 24.7, 29.7 and 32.5° were matched
with the standard ICPDS card No. 33-0679 (Fig. 4d).
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Fig.3 a—c SEM images of ZnO-S,04>"/ZSM-5 and elemental mapping d of the composite

The aim of XPS measurements (Fig. 5a and b) is to
investigate the chemical states of Zn and S in the sample.
The Zn 2p spectra showed two peaks at 1021.9 eV and
1045.1 eV, which could be assigned to the Zn*t species [31,
32]. The S® species was revealed by the binding energy
at 169 eV, according to the literature [33]. N, adsorption
desorption isotherms of ZnO—Szogz_/ZSM-S were high-
lighted in Fig. 5c. According to IUPAC classifications and
the literature [34], the isotherms showed a Type IV pattern,
which exhibited a clear loop (H1 hysteresis loop) in the
relative pressure range of 0.8—1.0. Hysteresis loops pro-
duced by capillary condensation indicate the presence of
regular mesoporous channels in the material. Furthermore,
we can confirmed that ZnO—-S,0,>7/ZSM-5 sustained the
intact and ordered mesoporous structure of ZSM-5 after
Zn0-S,04>" loading. The textural characteristics of ZSM-
5, Zn0-8,04>~ and Zn0-S,0,>7/ZSM-5 were shown in
Table 1. We can confirm that the BET surface area and pore
volume of ZnO—SQng_/ZSM-S were obviously larger than
Zn0-S,04%".

The Py-IR spectra were employed to evaluate the types
and intensity of Bronsted and Lewis acid sites of the catalyst
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[35, 36]. The pyridine-IR spectra (Fig. 5d) exhibited bands
at 1439 and 1614 cm™!, which proved the presence of Lewis
acid sites in the catalyst. And the band at 1540 cm™! was
the characteristic of the pyridinium ion, which demonstrated
the existence of Bronsted acid sites. The band at 1490 cm™"
was a combination between two separate bands at 1439 and
1540 cm™!, which correspond to Bronsted and Lewis acid
sites, respectively. Moreover, the changes of Bronsted acid-
ity and Lewis acidity were observed at different desorption
temperatures (50, 150 and 250 °C). In addition, the Bronsted
acidity reduced more rapidly than the Lewis acidity with the
temperature rising.

3.2 Synthesis of Isobutene Acetate

A series of palladium-based catalysts (Pd—Cu/SiO,, Pd—Au/
Si0,, Pd-Te/SiO,, Pd-Cd/Si0,) were prepared and the
catalytic activities were evaluated, the results are shown in
Table S1. It is found that the Pd—Au/SiO, is the most excel-
lent catalyst for acetyl oxidation of isobutene. The better-
ment of catalytic activity comes from synergistic interaction
and electronic communications between Pd and Au [37].
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Fig.4 a FT-IR spectra of ZSM-5, ZnO/ZSM-5; b FT-IR spectra of ZnO/ZSM-5, ZnO—SZOSZ_/ZSM—S; ¢ XRD patterns of ZSM-5, ZnO/ZSM-5;

d XRD patterns of ZnO/ZSM-5, ZnO-S,04>"/ZSM-5

3.2.1 The Effect of Reaction Pressure

The variation of yields along with different reaction pres-
sure is shown in Fig. 6a. The yield of isobutene acetate
increased as the reaction pressure passed through a maxi-
mum at P=0.6 MPa and then declined. This implied that
when P was below 0.6 MPa, the reaction rate increased
with the pressure. Under the lower concentration of O,
and CH;COOH, the reaction carried out normally, which
is owed to the Pd—Au nano-alloy structure. The nano effect
and the alloy structure makes the adsorption—desorption
of materials becomes facile [38]. However, when P was
above 0.6 MPa, the excessive pressure leads to the lique-
faction of isobutene and the formation of vacuoles, which
decreases catalytic activity. It indicated that the increas-
ing pressure led to liquefaction of gas phase, which had a
significant influence on the gas phase reaction, as has been
previously reported [39]. It can found that the optimized
reaction pressure is 0.6 MPa.

3.2.2 The Effect of Reaction Temperature

To determine the influence of the reaction temperature, a
series of experiments was performed. Figure 6b illustrates
that the yield of isobutene acetate increased as the reaction
temperature passed through a maximum at T=160 °C and
then declined. It indicates that the increasing temperature
contributed to the improving of catalytic activities, which
as has been previously reported. Compared with the results
of ethylene’s acetyl oxidation, the Pd-based catalyst required
higher temperature [40]. The introduction of Au and the
construction of Pd—Au alloy structure could bring down
the activation energy of the reaction [41]. In consequence,
the acetyl oxidation could carry out under lower tempera-
ture with the Pd—Au nano alloy catalyst. However, when T
was above 160 °C, the excessive oxidation reaction leads
to the formation of by-products, therefore, which decreased
the yield of isobutene acetate. In conclusion, the optimized
reaction temperature is 160 °C.
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Fig.5 Zn 2p (a) and S 2p (b) XPS spectrum of Zn0-S,04>"/ZSM-5; ¢ N, adsorption—desorption isotherms of ZnO-S,04>"/ZSM-5; d the pyri-

dine-IR spectra of ZnO-S,0,> /ZSM-5

Table 1 BET surface area, textural data for ZSM-5, ZnO-S,0,’~ and
7Zn0-S,04*/ZSM-5

Sample Aggr (m%g) Vv, (em’/g) D (nm)
Zn0-S,04>~ 4.01 0.01 721
Zn0-S,0,>7/ZSM-5 121.35 0.05 4.47
ZSM-5 320.86 0.12 4.63

Appr BET surface area, Vp pore volume, D pore size

3.2.3 The Effect of Oxygen Concentration

The change of yields along with different oxygen concen-
tration is shown in Fig. 6¢. The alloy structure makes the
adsorption—desorption of oxygen on the catalyst’s surface
easy, as mentioned above. Therefore, the acetyl oxidation of
isobutene could carry out regularly under the lower oxygen
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concentration. The data obtained showed that the yield of
isobutene acetate increased as the enhancement of the oxy-
gen concentration. Taking account into the limit of explo-
sion, the oxygen concentration is no more than 6%. Above
all, the optimized oxygen concentration is 6%.

3.2.4 The Effect of Acetic Acid Content

The effect of the acetic acid content on the yield of isobutene
acetate is then studied, while the results are illustrated in
Fig. 6d. The yield of the isobutene acetate increased as the
enhancement of the acetic acid content. However, the yield
of isobutene acetate is not the highest when the reaction sys-
tem is all acetic acid (no water is involved in the reaction).
The main reason may be that the carbon chains contain-
ing more than four carbons tend to produce carbon depos-
its when they participate in chemical reactions, especially
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Fig. 6 a Influence of reaction 22 22
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oxidation reactions. Therefore, the introduction of water
component in the reaction system can help to clean up the
carbon deposition in the catalyst phase at the same time of
the reaction, and has a positive effect on delaying the activ-
ity of the catalyst. It could be concluded that the optimized
acetic acid content is 20%.

3.2.5 The Stability of Catalyst

The continuous isobutene acetyl oxidation was run for 100 h
to investigate the reusability of the conducting reaction in
the system (The result is shown in Fig. S1) After 100 h of
operation, the yield of isobutene acetate remains at 20.2%.
The excellent stability is attributed to the core—shell struc-
ture of Pd—Au/SiO,, the core—shell structure could act as a
protective layer on the surface of nanoparticles to improve
the stability of catalyst [42]. This result indicates that the
Pd—Au/SiO, exhibited a good stability and can be used in
industrial application widely.

Above all, we obtained encouraging experimental results
with 100 conversion and 22% selectivity. We explored the
reaction furthermore by mother liquor analysis (The results
are shown in Fig. S2, S3). The molecular kinetic diameter
of isobutene is larger than ethylene and propylene, so it is
difficult for the isobutene to adsorb on the catalyst surface. In
addition, isobutene concludes double activity methyl group,

0246 810121416182022
Acetic acid content(%)

55 6.0

which could react with O,, CH;COOH independently to gen-
erate target material—isobutene acetate, or they are both
react with O,, CH;COOH to generate main by product—
isobutene diacetate. In addition, isobutene reacts with H,O
to generate a handful of isobutenol.

3.3 Synthesis of Methallyl Alcohol

Table 2 lists the yields of 2a for the hydrolysis of la
(1 mmol) with H,O (1 mL) for 20 h in the presence of
10 mg of the catalysts. We can find that the thermal reac-
tion showed no conversion of 1a without catalyst (entry 1).
The ion exchange resin reported in earlier studies for this
reaction [43, 44] showed low yields of 32%. The activity of
Y-zeolite and ZSM-5 depended on the Si/Al ratio, and the
zeolites with higher Si/Al values, ZSM-5 showed 66% yield.
It is significant to note that ZSM-5 shows higher yield than
H,SO, and H,PO,. Under the same weight conditions, which
is a rare example of a heterogeneous catalyst with higher
activity (per catalyst weight) than the conventional Brgn-
sted acid for hydrolysis of esters. Non-zeolitic metal oxide
(entry 5) showed medium catalytic activity. SZOSZ_/SBA-IS
performances higher activity, which inspires our interest. We
modified the ZSM-5 by the introduction of Zn** and S,04>7,
the result of catalytic activity is listed in Table 3.
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Table 2 Catalyst screening hydrolysis of isobutene acetate
O
/<O Cat.
+  HO0 ——> YOH +  CH;COOH
50 °C
10 mmol 3 equiv
la 2a
Entry Catalyst Conv. (%) Yield (%)*
1 Blank 0 0
2 Ion exchange resin 97.98 31.72
3 H,SO, 93.37 34.36
4 H,PO, 100 51.89
5 ZnO 47.83 21.37
6 ZSM-5 (Si/Al=50) 95.61 65.65
7 Y-zeolite (Si/Al=30) 94.57 8.12
8 Titanium-silica zeolite 82.13 35.67
9 S,042/SBA-15 100 81.23
*GC yields
Table 3 Comparison of catalytic activity
O
/<O Cat.
50 °C
10 mmol 3 equiv
la 2a
ZSM-5 ZnO/ZSM-5 ZnO-
S,04%7/
ZSM-5
Conversion (%) 95.61 100 100
Yield (%) 65.65 71.23 100

The results showed that the introduction of Zn** and
S,04>~ enhanced the catalytic activity of ZSM-5. We can
find that the isobutene acetate is concluded of O—C=0 and
C=C double bonds. In the presence of H,O, C=0 bond
would contend with C=C bond. As unexpected, the C=C
reacts with H,O to produce by-products. The ZSM-5 pos-
sess the nature of shape selective catalysis, which reduces
markedly the probability that the C=C bond reacts with
H,0. Based on the shape selective catalysis, we modified

@ Springer

the function of ZSM-5 [45]. Solid superacids have received
our interest due to their strong acidity, ease of separation
and stability. The electronic effect of Zn could signifi-
cantly enhance the catalytic performance. Summarizing
the results in Tables 2 and 3, it could be concluded that the
catalysts of higher activity have three properties: (1) high
Si/Al ratio, (2) three-dimensional large pore structure, (3)
strong Brgnsted acid sites. The introduction of Zn%* and
S,04>~ for ZSM-5 meet with the requirements.
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3.3.1 The Effect of Reaction Temperature

Figure 7a shows the influence of temperature for the isob-
utene acetate hydrolysis. The conversion and selectivity
increased as the temperature passed through a maximum at
T=50 °C and then declined. The introduction of Zn>* and
three-dimensional large pore structure make the isobutene
acetate react with the H,O becoming easier, so the reaction
requires lower temperature. It suggested that when T was
below 50 °C, the reaction rate is placid. However, when T
was above 50 °C, the conversion and selectivity is declined
probably due to the reverse esterification of isobutene ace-

tate. It could be seen that the optimized reaction temperature
is 50 °C.

3.3.2 The Effect of Catalyst Amounts

The conversion and selectivity along with different catalyst
amounts are shown in Fig. 7b. The data obtained showed
that the conversion and selectivity increased as the enhance-
ment of catalyst amounts. Based on the Py-IR spectra, it is
found that ZnO-S,04>"/ZSM-5 provides strong Brgnsted
acid sites (Fig. 5d). The hydrolysis of isobutene acetate
needs the acid condition, the ZnO-S,04>/ZSM-5 could
meet with the requirement. When catalyst amounts is 6%, the

conversion and selectivity is the peak. Considering the eco-
nomical efficiency, the optimized catalysts amounts is 6%.

3.3.3 The Effect of Reaction Time

Figure 7c showed the transformation of conversion and
selectivity along with the reaction time. The reaction easily
achieved a conversion and selectivity of 100% after 40 min.
The ester (oil droplet) was on water, and the solid cata-
lysts were suspended in water during the reaction. When
reaction time is blow 40 min, isobutene acetate failed to
react adequately with water under catalyst. Compared with
other hydrolysis of acetate, the time needs 3 h or longer.
The ZnO-S,04*"/ZSM-5 employs high Si/Al ratio, three-
dimensional large pore structure and strong acid condition,
which shortens the reaction time of hydrolysis. It could be
found that the optimized reaction is 45 min.

3.3.4 The Reusability of Catalyst

As the reusability is a significant factor influencing the prac-
tical applications of the catalyst, we carried out a seven run
test over the ZnO-S,04>"/ZSM-5 under the optimized reac-
tion conditions to evaluate the stability of the catalyst. As
is shown in Fig. 7d, the yield of methallyl alcohol remained
at 99.5% in the 35 h over the ZnO-S,04>"/ZSM-5. The

Fig. 7 a Influence of reaction
temperature, catalyst (10.0 mg), 100} (a) - Conversion(%) 100} (b)
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1 mmol), H,0 (1.0 mL), 3 h; X 9t (> Seletivity (%) Sl
b Influence of catalyst amount T T 90}
(mass percent of isobutene ace- %0 98} %0
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. @] Q
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Zn0-S,04%"/ZSM-5 has the characters of large pore struc-
ture and metallic oxide, which enables the catalyst keeping
outstanding stability. Compared with the fresh catalyst, a
obsolete decline in the yield. The result indicates that the
Zn0-S,04>7/ZSM-5 performed a better stability and could
potentially by used in industrial applications.

4 Conclusions

The core—shell Pd—Au bimetallic nanocrystals supported
on SiO, are synthesized by the constant volume impreg-
nation method, and the tandem reaction concluding a-H
oxidation and esterification oxidation of isobutene is car-
ried out with the catalyst successfully. We investigate the
effects of reaction pressure, reaction temperature, oxygen
concentration, and the acetic acid content on the acetyl
oxidation of isobutene. We conclude that the optimized
reaction conditions are 0.6 MPa, 160 °C, oxygen concentra-
tion is 6%, acetic acid content is 20%. We develop homo-
dispered ZnO/S2082_ nanoparticles supported on ZSM-5
(ZnO-S,04°7/ZSM-5) by ultrasonic adsorption method,
and the catalyst exhibits excellent hydrolysis performance
of isobutene acetate with 100% conversion and 100% selec-
tivity than H,SO,, other Brgnsted acid and other catalysts.
Furthermore, the catalyst could achieve the strategy of sus-
tainable development and circular economy and sustainable:
acetic acid and H,O could be recycling. This study suggests
that Olefin acetyl oxidation-hydrolysis process is a promis-
ing green and sustainable method for producing methallyl
alcohol in the industries.
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