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ABSTRACT

Gas-phase oxidation of methacrolein to methacrylic acid has been carried out over

various unsupported and supported HsPMo;1VOy4 catalysts.  While SiO,-supported

H4PMo0,;VO4y showed low selectivity to methacrylic acid, H4sPMo;;VOy4 supported on

NH;-modified SiO,, which was prepared by using an impregnation method with acetone as

the solvent, exhibited high selectivity (~90%) and high activity for the formation of

methacrylic acid. The activity of HsPMo;;VO40/NH;3-modified SiO, was more than five

times higher than that of the corresponding unsupported catalysts.
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1. Introduction

Methacrylic acid (MAA), which is an important basic chemical, is prepared by gas-phase

catalytic oxidation of methacrolein (MAL) (eq. 1).
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Heteropolyacids with a Keggin structure composed of P, Mo, and V have been utilized as

industrial catalysts [1,2]. However, the catalytic performance, including activity and

selectivity, must be improved.

Solid heteropolyacids, that is, unsupported heteropolyacids, often show low catalytic

activities because of their low surface area. Supporting the heteropolyacids on oxide

supports with high surface areas, especially SiO,, increases the amount of the heteropolyacids

exposed on the surface, leading to an enhancement in the catalytic activity [3]. In fact,

several acid catalyzed reactions [4-14], as well as oxidation reactions [15-25] over supported

heteropolyacid catalysts, have been reported so far. However, there are only a few reports

on supported heteropolyacid catalysts being used for the gas-phase oxidation of MAL [26,27].



We have previously reported the gas-phase oxidation of MAL over SiO,-supported

H4PMo1;VOy4o catalysts (H4PM011VO4()/Si02) [28]. In fact, HsPMo;1VO40/SiO, shows much

higher activity than unsupported HsPMo;;VOyy due to the high dispersion of H4PMo1;VOy

on Si0,. However, HiPMo;; VO, on SiO; undergoes thermal decomposition to form MoO;

below a reaction temperature of 573 K. Since MoO; formed on SiO, accelerates the

formation of CO; and acetic acid, H{PMo;;VO4¢/SiO, shows only low selectivity toward the

formation of MAA [28].

Here we report that HyPMo;; VO supported on ammonia-modified SiO, (designated as

NH;-Si0,) is a highly active and selective catalyst for the gas-phase oxidation of MAL to

MAA. On NH;-Si0;, HsPMo0;1VO4y did not decompose during the catalytic oxidation

reaction due to the formation of a thermally stable crystalline NH," salt of HsPMo;;VOyo.

The stabilization and high dispersion of H4PMo;; VO led to not only high activity but also

high selectivity for the formation of MAA in the gas-phase oxidation of MAL.

2. Experimental

2.1. Preparation of catalysts

H4PMo,;VOy4 was prepared from MoOs, V,0s, and 85% H3;PO4 [28], which were



purchased from Wako Pure Chemical Co., Ltd. MoO; (31.7 g), V205 (1.82 g), and water
(1.5 dm®) were added to a round-bottom flask. ~After the addition of 85% H3PO, (2.3 g) into
the resulting suspension, it was heated and vigorously stirred at 358 K for 3 h. After the
solution was cooled to room temperature, the insoluble matter was filtered off to obtain a
clear orange solution. Then the solvent was evaporated to obtain HyPMo;;VOy (designated
as HPA), which was dried in air at 333 K overnight.

NH;-Si0; was prepared according to a published method with some modifications [29].
Si0, (CARIACT Q-10 : 258 m?® g, Fuji Silysia Chemical Ltd.) was treated in an N flow at
1073 K for 1 h and then in an NH; flow (50 cm® min') at 1073 K for 4 h.  The treated SiO,
was then cooled to room temperature in an N, flow to obtain NH3-SiO,.

H4PMo,;VOy supported on NH3-SiO, was prepared by using an impregnation method
with acetone as the impregnation solvent. After impregnation, the resulting wet solid was
dried in air at 333 K overnight, followed by calcination in air at 523 K for 4 h. The obtained
catalyst was designated as HPA[acetone]/NH;-Si0,. The loading amount of H4PMo;;VOs
was 43 wt%. For comparison, HPA[water]/NH3-SiO, was prepared in a similar manner to
HPA[acetone]/NH3-Si0,, except that water was used instead of acetone.

As a reference, one unsupported and two supported catalysts were prepared.



Unsupported (NH4)H3PMo;; VO, (designated as NH4+—HPA) was prepared by a titration
method. An aqueous solution of NH4NO; (0.1 mol dm™ ) was added to an aqueous solution
of H4PMo;;VOs (0.08 mol dm™), which was vigorously stirred, until the
NH,/HsPMo, VO, ratio reached unity. The resulting suspension was dried up, and then
the resulting solid was dried in air at 333 K overnight.

H4PMo,;VO4(/SiO; (designated as HPA/Si0,) was prepared by impregnating SiO, with
an acetone solution of H4PMo;;VO4y (0.08 mol dm73) in a similar manner to that for
HPA[acetone]/NHs-SiO,. (NH4)H3PMo;VO40/SiO, (designated as [NH4+-HPA]/Si02) was
prepared by adding an aqueous suspension of NH; -HPA to SiO,. The loading amount of
H4PMo,;VOy for all of the supported catalysts was 43 wt%.

All of the catalysts were calcined in air at 523 K for 4 h before use.

2.2. Characterization of catalysts

Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (Rigaku
Mini Flex) with Cu Ko radiation (A = 0.154 nm). Raman spectroscopy was performed using
a laser Raman spectrometer (JASCO, RMP 200) with a 100-mW laser with a wavelength of

532 nm and a CCD detector. >'P MAS-NMR spectra were recorded using a JEOL ECA-400



spectrometer with a spinning frequency of 7 kHz. All the measurements were carried out at

room temperature. The chemical shifts are expressed relative to external 85% H3POs,.

2.3. Catalytic reaction

Catalytic oxidation of MAL was performed in a continuous flow reactor at 573 K and
atmospheric pressure. Before the reaction, the catalyst was pretreated under a flow of a gas
mixture consisting of O, (10.7 vol.%), H,O (17.9 vol.%), and N, (balance) at a total flow rate
of 28 cm’® min ' and a temperature of 593 K for 1 h.  After the temperature was decreased to
573 K, a reactant gas mixture of MAL (3 vol.%), O, (6 vol.%), H,O (15 vol.%), and N,
(balance) was fed into the reactor to start the catalytic reaction. The amount of the catalyst
and total flow rate were adjusted to control the conversion. The reaction products were
analyzed by using on-line gas chromatographs (GCs) connected at the outlet of the reactor.
For acetic acid (AcOH), MAL, and MAA, a GC (Shimadzu GC-14B) equipped with a flame
ionization detector and a capillary column (TC-FFAP, 0.25 mm x 50 m) was utilized. For
CO and CO,, a GC (Shimadzu GC-8A) equipped with a thermal conductivity detector (TCD)
and two packed columns (Molecular Sieve 5A, 2.85 mm x 3 m and Activated Carbon, 2.85

mm x 2 m) was used. In order to prevent interference from organic compounds, prior to the



GC-TCD analysis, the gas was passed through a dry-ice trap to remove them. As an internal

standard for GC analysis, CHs (31%) diluted with He was mixed at the outlet of the reactor.

The conversion of MAL was calculated by eq. 1.

[MAL],[MAL]
[MAL],

Conversion(%)= out 5% 100 eq. 1
Here [MAL]i, and [MAL],. are the concentrations of MAL at the inlet and outlet of the

reactor, respectively.

3. Results and discussion

The catalytic data for the unsupported and supported catalysts for the gas-phase
oxidation of MAL are summarized in Table 1. The activity and selectivity toward the
formation of MAA of the unsupported HPA catalysts were 13 pmol g ' min' and 75%,
respectively (entry 1). Unsupported NH; -HPA (entry 2), in which 25% of the H" of HPA
was substituted with NH,", was more selective for the formation of MAA (91% selectivity).
However, the catalytic activity was similar to that of the unsupported HPA, indicating that the

substitution of H' with NH,; did not affect the activity. On the other hand, further



substitution of H™ with NH," dramatically lowered the activity and selectivity for MAA (Fig.

Al in Supplementary data).

In the case of the supported catalysts (entries 3—6), the activities were more than 5 times

higher than those for the unsupported HPA catalyst. However, the selectivity varied

significantly depending on the support (SiO, or NH3-Si0,), impregnation solvent (acetone or

water), and preparation method. HPA/SiO, exhibited the highest activity, although the

selectivity for MAA was low (entry 3). The unsupported NH, -HPA showed high selectivity

to MAA (entry 2), whereas it was low for supported NH,; -HPA on SiO, (entry 4). On the

other hand, HPA[acetone]/NH;3-SiO, showed the highest selectivity for MAA among the

supported catalysts examined (entry 5). The catalyst was highly selective for MAA with a

high conversion in comparison with that of [NH,;-HPA]/SiO, (Fig. 1). In addition, the

catalytic performance of HPA[acetone]/NHs-SiO, barely changed over at least 4 h (Fig. 2).

However, HPA[water]/NH3-SiO,, which was prepared using water as the impregnation

solvent, showed only low selectivity for MAA (entry 6). These results demonstrate that

HPA[acetone]/NH3-SiO; has potential for practical use.

It has been reported that substituting H' in unsupported Hz xPMo12.xVxO40 with Cs' ions

is effective for suppressing the formation of byproducts, including acetic acid and COy, in the



gas-phase oxidation of MAL [30]. In fact, unsupported NH,-HPA showed the highest
selectivity for MAA (entry 2) among the catalysts examined, probably because of the lower
number the acid sites due to the substitution of H with NH," similar to unsupported
H3.4xyCsyPMo012.xVxO40. However, [NH4+—HPA]/SiOz exhibited only limited selectivity for
MAA (entry 4). In contrast, HPA[acetone]/NH;-SiO, showed both high activity and high
selectivity for MAA. To understand the differences in the selectivities among the supported
catalysts, their structures were investigated before and after the reaction.
HPA[acetone]/NH3-SiO, showed an XRD pattern identical to a crystalline NH, " salt of
H4PMo0,;VOy4 (cubic (NH4)xHsxPMo0;1VOys) [31] (Fig. A2(a) in Supplementary data),
although the catalyst was prepared by supporting HsPMo;;VOy4 on NH3-SiO,.  The
crystallite size of the NH," salt estimated from Scherrer’s equation was 39 nm. In the 3p
MAS-NMR spectrum (Fig. A3(a) in Supplementary data), HPA[acetone]/NH;-SiO, gave a
intense peak at —4.4 ppm and relatively weak one at —3.6 ppm, which were assignable to the
NH," salt of HsPMo;;VOuo and HsPMo;; VO, respectively. The 3'p MAS-NMR spectrum
indicated that the main species of the heteropolyacid formed on HPA[acetone]/NH;-SiO, was
(NH4)xH4xPMo0;1VOy4. On the other hand, HPA/SiO, before the reaction showed an XRD
pattern due to H4PMo;1VOy4p-14H,O microcrystallites (Fig. A2(b)) [32]. For
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[NH4+—HPA]/ Si0,, strong and sharp diffraction lines attributed to cubic (NH4)xH4.xPMo01;VO4o
and broad and weak ones due to H4PMo;;VOso- 14H,0 microcrystallites were observed (Fig.
A2(c)), suggesting that relatively large-size (NH4)xHaxPMo01,VOy crystallites and dispersed
H4PMo0,;VOy4p microcrystallites were present. In fact, the peak at —3.6 ppm due to
H4PMo;;VOy4 was strong comparing with the peak at —4.4 ppm due to (NHy4)xH4.xPMo1;VOyg
in the *'P MAS-NMR spectrum for [NH,;-HPA]/SiO, (Fig. A3(c)). In a separate experiment
(Supplementary data), the aqueous suspension of NH4 -HPA used for the preparation of
[NH, -HPA]/SiO, was separated using a centrifuge, affording a yellow solid and a clear
orange solution. Elemental analysis and powder XRD indicated that the yellow solid was
(NH4),H2PMo;,VOy crystallites and that the orange solution was an aqueous solution of the
acid-form H4PMo;;VOy4. Since [NH4 -HPA]/SiO, was prepared by adding such a
suspension to Si0O,, large-size (NHy4)xHaxPMo;1VOy crystallites and dispersed H4PMo;; Va4
microcrystallites coexist on the support. The structure of the heteropolyacid compounds in
HPA[water]/NH;-SiO, before the reaction was similar to that in [NH4 -HPA]/SiO, as
evidenced by XRD pattern (Fig. A2(d)), and 3P MAS-NMR spectrum (Fig. A3(d)).

After gas-phase oxidation of MAL, the structures of the supported catalysts were
different. For HPA/SiO,, the XRD lines due to HsPMo;;VO4- 14H,0 microcrystallites were
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significantly less intense (Fig. 3b), and the Raman spectrum indicated the formation of
molybdenum oxides (Fig. 4b) because the bands for molybdenum oxide phases (a-MoO3 and
B-MoOs) were observed at 849, 820, 772, and 660 cm ', resulting in the low selectivity for
MAA [28]. In the case of [NH; -HPA]/SiO,, the XRD pattern of HsPMo;;VOso-14H,0
microcrystallites disappeared after the reaction (Fig. 3c), although it was clearly observed
before the reaction. In addition, Raman bands attributed to MoO; were observed in the
spectrum for NH,4-HPA/SiO, after the reaction (Fig. 4c). For HPA[water]/NH;-Si0O, after
the reaction, Raman bands due to a-MoOs were present at 820 cm .  Thus, it is thought that
some of the H4PMo;;VO4y microcrystallites on SiO, decompose to MoOs during the reaction
in the cases of [NH4+—HPA]/SiOz and HPA[water]/NH3-SiO,. In contrast to these,
HPA[acetone]/NH3-SiO, showed only the XRD pattern (Fig. 3a) due to the cubic
(NH4)xH4xPMo0;1VOyy even after the gas-phase oxidation of MAL. In addition, there were
no Raman bands for MoOj after the reaction in the case of HPA[acetone]/NH;-Si0, (Fig. 4a).
Since there were a less amount of H4PMo;;VOy crystallites in HPA[acetone]/NH3-Si0,, i.e.,
cubic (NHs4)xHsxPMo0;1VOy crystallites were mainly present, before the reaction, the
heteropolyacid was hard to decompose to MoOj3 during the reaction. Thus, we concluded
that the high dispersion of H4PMo;;VOy on the support and the formation of the crystalline
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NH, " salt resulted in the high catalytic performance of HPA[acetone]/NH;-SiO, for the

gas-phase oxidation of MAL.

4. Conclusion

H4PMo;;VOy supported on ammonia-modified SiO,, which was prepared by using an

impregnation method with acetone as the impregnation solvent, exhibited high selectivity

(~90%) for the formation of methacrylic acid in the gas-phase oxidation of methacrolein.

On the ammonia-modified SiO;, H4PMo0;;VOy4y did not decompose to molybdenum oxide

phases during the catalytic reaction due to the formation of thermally stable crystalline NH,"

salt of HsPMo0;1VOysy. The high dispersion of H4sPMo;;VOy4y on the support and the

formation of the crystalline NH," salt lead to the high catalytic performance of the catalyst.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:XXXXXXXXXXXXXXXXXXX.
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Table 1
Catalytic data for gas-phase oxidation of methacrolein (MAL) over unsupported and supported HiPMo;; VO, catalysts.

Entry Type Catalyst Activity Selectiviy"/% (Conv.”)

/umol g~ min™' MAA AcOH COy others /%

1 HPA 13 75 5 16 4 8
Un-supported .
2 NH, -HPA 15 91 5 4 n.d. 5
3 HPA/SiO, 175 72 12 13 3 14
4 [NH, -HPA]/SiO; 71 65 14 17 4 6
Supported _

5 HPA[acetone]/NH3-SiO, 76 89 4 7 n.d.f 9
6 HPA[water]/ NH;-SiO, 113 75 8 9 8 9

Reaction conditions: MAL:0,:H>O:N, = 3:6:15:76; temperature = 573 K, and total pressure = 0.1 MPa.
The activity and selectivity were estimated from the data obtained below 14% conversion.

"“MAA: methacrylic acid, AcOH: acetic acid, and others: acetone, acetaldehyde, acrolein and acrylic acid.
®Conversions at which activity and selectivity were evaluated.

“Not detected.
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Figure captions

Fig. 1. Relationship between selectivity and conversion for HPA[acetone]/NH;-SiO; (closed
symbols) and [NH; -HPA]/SiO, (open symbols). (m,0) MAA, (#,<) acetic acid and (A,A)
COx. Reaction conditions: MAL:0,:H,O:N»,=3:6:15:76; temperature = 573 K, and total

pressure = 0.1 MPa

Fig. 2. Time courses for the gas-phase oxidation of MAL over HPA[acetone]/NH;-SiOs.
(@) Conversion of MAL and selectivities for (m) methacrylic acid, (<) acetic acid, and (A)
COx. Reaction conditions: MAL:O,:H,O:N, = 3:6:15:76, temperature = 573 K, total

pressure = 0.1 MPa, and W F'=20 Z-cath molyar "

Fig. 3. XRD patterns for the supported HsPMo;;VOy catalysts after gas-phase oxidation of
MAL. () cubic (NH4)xHsxPMo0;;VOsy and (A) HsPMo;;VOy4-14H,0. (a)
HPA[acetone]/NH;-SiO,, (b)  HPA/SIO,, (c) [NH,-HPA]/SiO,, and  (d)
HPA[water]/NH;-Si0,. Reaction conditions: MAL:0,:H,0O:N, = 3:6:15:76, temperature =

573 K, total pressure = 0.1 MPa, and 4 h.
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Fig. 4. Raman spectra of the supported catalysts after the gas-phase oxidation of MAL.

(®) MoOs; phases (a-MoO; and B-MoQOs;). (a) HPA[acetone]/NHs-SiO,, (b)

HPA/SiO, (c) [NH,'-HPA]/SiO,, and (d) HPA[water]/NH;-SiO».

19



Selectivity/%

100

Conversion/%

20

100

Fig. 1

Kanno et al.



RN
o
o

40 +

20 -

Conversion and selectivity/%

0 100 200 300
Time on stream/min

Fig. 2

Kanno et al.

21



Intensity/a.u.

26/degree

22

Fig. 3

Kanno et al.



Intensity/a.u.

]:200
/J“uf““*’f“““\-~zA\(a)

(d)

1000 800 600 400 200
Raman shift/cm-?

Fig. 4

Kanno et al.



