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The layered double hydroxides (LDH) of Mg,AINi and Mg,Al pillared by Keggin-type phosphotungstic acid anion (POM), i.e.
Mg,AINi-POM LDH and Mg;Al-POM LDH were synthesized by an ion-exchange method. The synthesized POM intercalated LDH
compounds were characterized using various techniques such as FTIR, XRD, TGA and BET. The observed results show that the
obtained catalysts retain the layer structure of LDH. Compared with the binary Mg;Al-POM LDH, the ternary Mg,AINi-POM LDH
catalyst indicated a higher thermal and chemical stability. The catalytic activity of the resulting LDH-POM was also assessed in the
green oxidation of cyclohexanol with aqueous H,0, as an oxidant. The Mg,AINi-POM LDH showed a much higher conversion and

selectivity for cyclohexanone than the corresponding Mg;Al-POM LDH catalyst.
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INTRODUCTION

It is well known that the carbonyl compounds have widespread
applications in dyestuff, perfumery and agro chemical industries.'?
Oxidation of alcohols has traditionally been the major route for the
preparation of carbonyl compounds. However, many of the traditional
inorganic oxidants utilized for the oxidation of alcohols are hazardous
or toxic, for example Na,Cr,0,, NaClO, and KMnO,. Therefore, it
is necessary to find green and clean catalysts and oxidants for the
oxidation of alcohols.

One ideal oxidant for the oxidation of alcohols is hydrogen
peroxide as it can oxidize the organic compounds with the formation
of water as a by-product.*> Noyori reported various polyoxometalate
(POM) catalysts in the oxidation of organic compounds with
aqueous H,0, as the oxidant. (POMs)® have widely been used in
the catalytic oxidation reaction due to their oxidative stability and
high efficiency.!®!> The homogeneous catalysis is green, highly
efficient and environmentally pollution-free,'*'* but there are
inherent problems existing with this method such as the difficult
separation of the product and thus the catalyst is easily lost in the
process. Hence, it is absolutely necessary to heterogenize the soluble
POMs.

In this context, one potential strategy could be by using the
layered double hydroxides (LDHs), which are the type of anionic
clay materials with layered structure. The layers as a result carry
positive charges that are balanced by the interlayer anions'> which
could be replaced by various POM anions through ion-exchange. !>
This provids an effective route for heterogenizing the catalysts in a
homogeneous medium. Besides, these POM-pillared LDH (POM/
LDH) materials were tested for the oxidation of benzaldehyde,!
cyclohexene? and allyl alcohol® with aqueous H,O, in the absence
of an organic solvent. The observed results indicate that LDH
precursors can effectively influence the conversion and selectivity
in the catalytic reaction.
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In addition, POM/LDH showed a high recovery rate and good
thermal stability* in the catalytic process. The diversity of POM/
LDH is due to the adjustable oxyacid of POM as well as adjustable
distribution of the metal cations on the surface of LDH layers, which
lead to a difference in the structure and catalytic performance. To
date, the studies related to POM/LDH mainly focusing on changing
the composition of POMs, and their LDH precursors largely utilizing
binary Mg/Al-LDH or Zn/Al-LDH (for instance, Mg,Al-W,0,,%
LDHs,*Zn,Al-[SiW,,05],,,-0.2H,0 LDH" and ZnAl-[EuW ,0,,]°7/
[Eu(BW,,05,)(H,0);]°/[Eu(PW ,0,,),]''"LDH? etc.). However, the
Mg/Al-LDH precursor easily causes a severe acid-base reaction
with the POM solution.**” The reaction can be controlled through
changing the composition of LDH precursor.

In recent years, non-precious metals such as Ni,?? V¥ and Cu?'#
have been successfully used as heterogeneous catalysts in modifying
the inorganic matrices as for the oxidation of alcohols. Nickel is
usually applied as an active species for the reduction reaction. In the
current work, we reduced the basicity of LDH precursor by adding
nickel to the binary Mg/Al-LDH, as the basicity of nickel is weaker
than magnesium. The ternary catalyst has good stability. Moreover,
it is well known that nickel is usually applied as an active species in
the heterogeneous catalysis for the oxidation of alcohol.?** Therefore,
the performance could be improved in the oxidation of cyclohexanol
with aqueous H,0, as an oxidant by adding a metal nickel to the binary
Mg/Al-LDH. We hereby reported the preparation and characterization
of ternary Mg,AINi-POM LDH catalyst using 12-phosphotungstic
acid anions ([PW,0,,]*, referred to as “POM”) which are intercalated
between the LDH layers replacing the nitrate anions via ion-exchange
pathway. Also, the structure of Mg,AINi-POM LDH and its catalytic
performance in the oxidation of cyclohexanol have been compared
with the Mg;Al-POM LDH catalyst. As the precursor, the ternary
Mg,AINi-LDH not only improves the stability of POM-LDH catalyst
but also enhances the selectivity for the oxidation of cyclohexanol
under mild conditions and in presence of water as solvent.
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EXPERIMENTAL
Materials and methods

Mg(NO,),-6H,0(AR), AI(NO,);-9H,0 (AR) and Ni(NO,),-6H,0
(AR) were purchased from the Tianjin Hengxing Chemical
manufacturing co., LTD. Na;[PW,0,,] (AR) and cyclohexanol (AR)
were purchased from Sinopharm Chemical manufacturing co., LTD.
Aqueous H,0, (30 wt%; AR) was purchased from Beijing chemical
factory.

X-ray diffraction (XRD) patterns were recorded on a German
Bruker D8 Advance X-ray powder diffraction system (CuK,, 40 kV,
40 mA). FT-IR spectra were collected on a Bruker Tensor 27 infrared
spectrometer, using the KBr pallet method. TEM micrographs were
taken using Japanese Jeol TEM-2100 type transmission electron
microscopy. Gas chromatography(GC) were used Agilent Technologies
GC-7890B type chromatograph, N, as carrier gas. The nitrogen sorption
experiments were performed at 196 °C on an ASAP 2020 system. TGA/
DTA analysis using STA449F3 type comprehensive thermal analyzer
was produced of Germany NETZSCH, the heating rate of 10 °C/ min.
The crucible material is alumina. The gas is a mixture of nitrogen and
oxygen and their rate is SmL/min and 20mL/min respectively.

Preparation of catalyst precursors and LDH-POM catalysts

A solution containing 30 mmol of Mg(NO;),-6H,0 and 10 mmol
of AI(NO;);-9H,0 in 100 mL of decarbonated water and an aqueous
solution of 1mol/L. NaOH were simultaneously added dropwise to a
250 mL three-necked flask having (with 50 mL of deionized water)
which was under with rapid stirring and under nitrogen atmosphere.
The relative rates of adding the mixed solution of nitrate salts and the
1 mol/L of NaOH solution were adjusted to maintain the pH ~ 10. The
resulting suspension was kept at 80 °C for 12 h in the hydrothermal
synthesis reactor. Then, the slurry was separated into two equal portions.
One portion was centrifuged and washed with water for several times
(until pH =~ 7), and the resulting precipitate was dried at 120 °C overnight
to obtain Mg;Al-NO; LDH which was used for further characterization.

After centrifugation and washing, the other portion of the
precipitate was dispersed in 100 mL water and maintained under N,
as Mg;Al-NO, LDH slurry which was simultaneously added dropwise
with POM (10 mmol) to a 250 mL three-necked flask. The mixed
slurry was stirred for 3 h at 60 °C. The pH of the dispersion was around
4.8, which is suitable for the POM anion as the [PW,,0,,]* is stable
in the pH range of 2-6.% Finally, Mg;Al-POM LDH catalyst was
obtained. The synthesis of Mg,AINi-NO,; LDH and Mg,AINi-POM
LDH slurry is similar to Mg;Al-NO; LDH and Mg;Al-POM LDH
analogue which were obtained using Mg(NO,),-6H,0 (20mmol),
Al(NO;);-9H,0 (10 mmol) and Ni(NO,),-6H,0 (10 mmol).

In addition, we prepared a series of POM intercalated materials
i.e. Mg/Al/Ni-POM LDH using the same method as above. The molar
ratio of the LDH material i.e. Mg+Ni/Al is of 3:1 and the molar ratio
of POM (1.43 mmol, 1.43x7 ~10 mmol) to the exchange negative
charge capacity (10 mmol) of LDH is 1:7.

Oxidation of cyclohexanol

In a typical experiment, a mixture of cyclohexanol (10 mmol),
ethanol (100 mmol), aqueous H,O, (30%, 5 mmol) and 0.2 g of
catalyst were refluxed at 90 °C for 2 h. The resulted mixture was
then cooled and toluene (10 mmol, internal standard) was added
to the liquid phase and was then analyzed by GC to determine the
conversion and selectivity. After being washed with ethanol and dried
under vacuum, the recovered catalyst could be reused.
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RESULTS AND DISCUSSION
Synthesis and characterization of LDH-POM catalysts

LDH-POM catalysts were synthesized through a synthetic route
where POM anion could be directly inserted into LDH layers without
adjusting the pH.

XRD patterns of the as-prepared samples have been represented
in Figure 1, and the major d(003) spacings (calculated using Bragg’s
equation, A=2dsin0, where A=0.15406 nm) are given in Table 1.
Mg,AINi-POM LDH and Mg;Al-POM LDH have lower diffraction
intensity of peaks compared with Mg,AINi-NO; LDH and
Mg,AINi-NO; LDH. Figure 1 shows that the peak position of
POM/LDH moves to lower 2-theta-diffraction angle, owing to the
intercalation of POM anion intercalated into LDH. Furthermore, the
major d(003) spacings of Mg,AINi-POM LDH and Mg;Al-POM
LDH demonstrate a higher value. The d(003) spacing of LDH-POM
includes the thickness of LDH host and the gallery height of interlayer
region. Subtracting the thickness of host layer which is assumed to be
about 0.48 nm gives the gallery heights of the LDH-POM to be about
0.98~1.01 nm. The observed gallery heights are in agreement with
the diameter of the short axis of POM anions (~0.98nm).* The major
diffraction peak and a low intensity peak, is indicated as (003). This
mixture includes POM-intercalated LDH and the POM-immobilized
LDH (POM anions immobilized on the external surface of LDH
layers). Besides, the diffraction peak (110) is detected in all the samples
which indicates that the layered structure of LDH is retained after
immobilization. The intensity of the diffraction peak of (110) plane of
POM-LDH is low, especially the Mg;Al-POM LDH, which may be due
to acid—base reaction that occurs between the acidic POM solution and
the basic Mg;Al-NO, resulting in a partial decomposition of LDH host.
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Figure 1. XRD patterns of different LDH-NO; supports and LDH-POM
catalysts

These results suggest that the POM anion has been successfully
incorporate into the interlayer of LDH by the anion-exchange process.

The FT-IR spectra of the samples are shown in Figure 2. After
intercalation, Mg,AINi-POM LDH and Mg;Al-POM LDH showed
the characteristic peaks at 812 and 742 cm!, which are related to the
W-0,-W and W-O_-W (c, corner; e, edge sharing) vibrations. The
bands at 958 and 902 cm! are attributed to the vibration of W-O, (t,
terminal), and the peaks at 1083 and 1058 cm' are attributed to that of
P-O. The Mg,AINi-NO; LDH and Mg,AINi-NO, LDH show a strong
peak at 1384 cm™! due to the vibration of N-O from nitrate anion in
the interlayer region.** However, a weak peak of N-O still appeared
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from Mg,AINi-POM LDH and Mg;Al-POM LDH. These results
suggest that the POM anions were exchanged into LDH which is in
agreement with the results obtained from XRD patterns. However,
based on the band appearing at 1384 cm™ and the band at 1365 cm'!
which are attributed to the C-O bonds, suggesting that the nitrate and
the carbonate anions are incorporated between the layers of LDH.
It illustrates that the anion exchange reaction is not completed and
some of the nitrate anions remained partly and some samples are
contaminated with carbonate anion.
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Figure 2. FT-IR spectra of different LDH-NO;and LDH-POM samples
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Figure 3. TEM images of different LDH-NO; and LDH-POM samples

According to the TEM images from Figure 3. Mg,AINi-POM
LDH and Mg,Al-POM LDH keep the plate morphology for LDH
host. Compared with Mg,AINi-NO, LDH and Mg,AINi-NO, LDH,
LDH host of Mg;Al-POM LDH is not clearly observed because of the
partial decomposition of LDH host in the anion-exchange process.?
Furthermore, the layer of Mg,AINi-POM LDH is more complete
than Mg;Al-POM LDH which maybe due to the addition of nickel
species reducing the alkalinity of LDH hosts to effectively restrain
the decomposition of LDH host.

The thermal stability of samples were studied using TGA and
the obtained results have been shown in Figure 4. The values of the
major losses produced during LDH decomposition are shown in Table
1. The first weight loss (peak 1) is broader and appearing clearly at
temperatures below 200 °C, which could be attributed to the loss
of non-structural water physisorbed on the external surface of the
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LDH crystallites. From 200 to 500 °C (peak 2), the observed weight
losses could be associated to water differently bonded to the structure
such as interlayer water co-intercalated with nitrate or chemisorbed
water.>* Ternary Mg,AINi-POM LDH and Mg,AINi-NO, LDH are
more stable than binary Mg;Al-POM LDH and Mg,AINi-NO; LDH.
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Figure 4. TGA traces for the representative LDH-NO; and LDH-POM
samples

Catalytic performance of Mg,AINi-POM LDH in the oxidation
of cyclohexanol

Catalytic performance between Mg, AINi-POM LDH and Mg,Al-
POM LDH is different for the oxidation of cyclohexanol (Table 1).
Although POM has good catalytic performance, it is a homogeneous
catalysis. Mg,AINi-POM LDH exhibits higher conversion and
selectivity to cyclohexanone (the catalytic activity of Mg, AINi-POM
LDH was evaluated in triplicates and the error bars have been shown
in Figure 5) than Mg;Al-POM LDH, which is due to the synergistic
effect of nickel. This is further proved through the results as shown
in Table 2 which indicates the comparison between catalysts with
different molar ratio of Ni in the preparation of cyclohexanone by
the oxidation of cyclohexanol. We could clearly conclude that the
conversion and selectivity to cyclohexanone increase with an increase
in the molar ratio of Ni of POM-LDH.
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Figure 5. Error bars on selectivity and conversion of Mg,AINi-POM LDH
catalysts
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Table 1. Comparison between different Catalysts in preparation of cyclohexa-
none by oxidation of cyclohexanol and values of the d(003) spacing

OH (o]

(Jj e H202 Catalysts

Conversion  Selectivity

Entry Catalyst %) (%) d(003)/nm
1 Mg;Al-POM LDH 82 43 1.46

2 Mg,AINi-POM LDH 95 97 1.49

3 Mg,Al-NO, LDH - - 0.82

4 Mg,AINi-NO3 LDH - - 0.89

5 POM 99.5 100 -

Table 2. Comparison between Catalysts with different molar rations of Ni in
preparation of cyclohexanone by oxidation of cyclohexanol

The molar Conversion  Selectivit

Entry Catalyst ration of (%) (%) Y
Mg/Al/Ni ? ?

1 Mg, ;AINi,;-POM LDH  2.5/1.0/0.5 95 96

2 Mg,AINi-POM LDH 2.0/1.0/1.0 95 97

3 Mg, ;AINi, -POM LDH  1.5/1.0/1.5 96 97

4 MgAINi,-POM LDH 1.0/1.0/2.0 97 98

5 Mg, ;AINi,;-POM LDH  0.5/1.0/2.5 98 99

In addition, the decomposition of hydrogen peroxide can also
affect the catalytic performance. When pH is less than 3.5, hydrogen
peroxide maintains the stability.* The measured pH of the catalytic
environment of Mg;Al-POM LDH and Mg,AINi-POM LDH were
4.7 and 4.3, respectively. It exhibits that the addition of nickel could
reduce the alkalinity of the material itself and reduces the rate of
decomposition of hydrogen peroxide.

Stability and recyclability of LDH-POM catalysts

The LDH-POM catalysts could be reused with negligible loss
of catalytic activity after five runs (Figure 6). The cyclohexanone’s
selectivity retained over 95% even after its usage for five times.
However, the activity of Mg;Al-POM LDH catalyst is decreased
after the first reuse, suggesting that the Mg,Al-POM LDH is unstable
towards the oxidation of cyclohexanol. These results demonstrate
that Mg,AINi-POM LDH is a stable heterogeneous catalysis in the
aqueous oxidation. The recovered Mg, AINi-POM LDH catalyst after
the fifth cycle was characterized again by XRD (Figure 7) and FT-IR
(Figure 8) to evaluate the structural stability. Compared to the fresh
catalyst, no significant changes were observed in the XRD and IR
spectra. These observations provide direct evidence that the Mg, AINi-
POM LDH catalyst is stable under the subjected reaction conditions.

CONCLUSIONS

In summary, we have fabricated ternary catalysts through ion-
exchange method without adjusting the pH. The followed steps for the
intercalation of POM anion into LDH is convenient, environmentally
benign and more importantly cheaper. Besides, it provides an efficient
heterogeneous oxidation catalysis. Furthermore, we have examined
the catalytic performance of Mg,AINi-POM LDH in the oxidation
of cyclohexanol as compared with the conventional catalyst, Mg, Al-
POM LDH. The resulting heterogeneous catalysis Mg,AINi-POM
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Figure 6. Recyclability of Mg ,Al-POM LDH and Mg,AINi-POM LDH
catalysts
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Figure 7. XRD patterns of fresh Mg,AINi-POM LDH and spent Mg,AINi-POM
LDH

LDH showed a much higher catalytic performance than the
corresponding catalyst i.e. Mg;Al-POM LDH. This is mainly due to
the synergetic effects between nickel and POMs. The original crystal
structure of Mg,AINi-POM LDH was maintained. Additionally,
the Mg,AINi-NO,; LDH precursor with lower surface basicity is
more effective than the Mg,Al-NO, LDH, keeping the stability of
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LDH

the material and reducing the hydrolysis of aqueous H,O,. Overall,
this work offers a green chemistry strategy for the improvement of
heterogeneous oxidation using aqueous H,0,.
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