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Abstract

A series of magnesium-doped MoVTeNbOx (MVTN-Mg) catalysts, as well as undoped sample (MVTN) was prepared by
microwave-assisted slurry method followed by calcination in nitrogen at 873 K for 2 hours. The catalysts were further post-
treated in aqueous hydrogen peroxide. The physicochemical properties of the catalysts were investigated using X-ray diffraction
(XRD), surface area measurement using Brunauer-Emmett-Teller (BET) method, Fourier Transform Infrared (FTIR) and Field
Emission Scanning Electron Microscopy (FESEM) which showed the formation of orthorhombic M1 phase, Te,M,,0s7 (M =
Mo, V or Nb) when doped with Mg at a molar ratio of Mg/Mo of 0.06. Temperature Programmed Reduction in hydrogen (H,-
TPR) results indicated the enhanced reducibility of the Mg doped catalysts as opposed to the undoped ones, signifying the
apparent high activity of the catalyst.
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Abstrak
Mangkin MoVTeNbOx (MVTN) dan mangkin MoVTeNbOx yang didopkan magnesium (MVTN-Mg) telah dihasilkan melalui
kaedah buburan berbantukan oleh penyinaran gelombang mikro. Prekursor telah dikalsinkan dalam nitrogen pada suhu 873 K
and seterusnya dirawat dengan hidrogen peroksida. Sifat fisikokimia mangkin yang dikaji dengan menggunakan pembelauan
sinar-X (XRD), pengukuran luas permukaan dengan kaedah Brunauer-Emmett-Teller (BET), spektroskopi inframerah
transformasi Fourier (FTIR) dan medan elektron-mikroskopi imbasan elektron (FESEM) menunjukkan pembentukan fasa
ortorombik M1, Te,M,,0s; (M = Mo, V atau Nb) apabila mangkin didopkan magnesium dengan nisbah molar Mg/Mo adalah
0.06. Keputusan penurunan terprogram suhu dengan hidrogen (H,-TPR) mendedahkan penambahbaikan kebolehturunan
mangkin Mg-MoVTeNbOx berbanding dengan mangkin tanpa dopan dan dengan demikian ini menandakan aktiviti mangkin

yang tinggi.

Kata kunci: magnesium, dopan, kaedah buburan dibantu oleh penyinaran gelombang mikro, kebolehturunan, pengoksidaan
propana

Introduction
Multicomponents MoVTeNbOx catalysts have been recognized as the most promising catalyst in giving high
activity and selectivity in propane partial oxidation to acrylic acid [1]. Typically, MoVTeNbOx catalysts present as
main crystalline phases of orthorhombic M1 phase Te,M»)Os; (M = Mo, V or Nb) [2-11] and hexagonal M2 phase
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Tey33MO0; 33 (M = Mo, V or Nb) [4-10]. Each of the individual elements in the mixed oxide catalysts has its own
role in converting propane to acrylic acid. It was proposed that propane adsorbed on the V> site of the catalyst
surface through the formation of resonance structure with V**, hence the catalyst must be in a reduced state. Te*"
strategically positioned with the bonding distance of its surface, abstract the a-hydrogen of propane to form
propylene [12]. Further process is followed by the insertion of oxygen at Mo®" site, thus forming acrolein and
followed by another oxygen insertion at the same site to form acrylic acid [13]. Nb>" site is needed to stabilize the
product (acrylic acid) from further oxidation into CO and CO, [14]. The ability of MoVTeNbOx to be reduced is a
prime condition for a successful catalyst as this will activate it into reacting with the incoming reactant (propane).
The reducibility of the catalyst is determined by subjecting it into reducing environment such as CO and hydrogen
followed by the quantification of the amount of oxygen removed. The onset of reduction process and the peak
maxima for the reduction give an indication of the extent of reduction of the metal oxides.

The catalyst properties may also be further improved by the introduction of metal ions into the lattice [15-21].
Promoter such as cobalt has been reported successful in modifying the properties of (VO),P,0; through the
formation of crystalline form of V** (vanadyl pyrophosphate, (VO),P,0-), CoPO, phase and a small amount of V"
(B-VOPO, phase). It also plays a role in having an effect on the reducibility of the catalyst through oxygen diffusion
within the lattice of the (VO),P,0, catalyst that have dramatically increased the specific rate of butane oxidation
into forming maleic anhydride three times as compared to the undoped ones [22]. There is also a study done on
incorporating potassium into the MoV Sb mixed oxide catalysts to affect the catalytic ability. It was found that the
conversion of propane was slightly decreases. However, with an appropriate amount of this alkaline metal, it
drastically increases the selectivity of acrylic acid about 2 to 3 times as compared to undoped catalysts. In addition,
a decrease in the selectivity of undesired products (acetic acid, carbon monoxide and carbon dioxide) could be seen
[23-26].

Pure M1 phase MoVTeNbOx can be obtained directly by hydrothermal synthesis [27,28] in an autoclave heated at
448 K in a nitrogen atmosphere with a synthesis time of 72 h. The synthesis method is mainly characterized by its
high solvent effect and equilibrium conditions which lead to the formation of the favoured crystalline phase.
Another approach is by using a slurry method [29,30] on the basis of a non-solution precursor. This condition
inevitably contributes to the multiphase MoVTeNbOx system in which the species is always present in different
valence states due to its non-equilibrium state.

In the present work, a microwave-assisted slurry method has been developed for the synthesis of MoVTeNbOx
catalysts, promoted and undoped ones. The method allows intimate mixing of the metal species in a homogeneous
state under atmospheric pressure in a very short time. This method is derived from the patented method developed
by this research group [31].

Materials and Methods

Catalysts preparation

The undoped (MVTN) and magnesium-promoted MoVTeNbOx (MVTN-Mg) catalysts with a Mo/V/Te/Nb/Mg
molar ratio of 1/0.3/0.23/0.12/x (x = 0.02, 0.04, 0.06, 0.08, 0.10) were prepared via microwave assisted slurry
method. Ammonium heptamolybdate tetrahydrate, (NH4)sM0;0,4.4H,0 (Merck), ammonium metavanadate,
(NH4)VO; (Merck), telluric acid, Te(OH)s (Sigma-Aldrich), ammonium niobium oxalate, (NH4),Nb,(C,0,)s
(Sigma-Aldrich), and magnesium nitrate hexahydrate, Mg(NO3),.6H,0 (Bendosen Laboratory Chemicals) were
used as metal sources for each of the elements. Appropriate amount of different metal salts was added in sequence
into deionized water beginning ammonium heptamolybdate tetrahydrate and followed by ammonium metavanadate,
telluric acid and magnesium nitrate hexahydrate to give solution A. Each time after the metal salt was added, the
solution was subjected to microwave irradiation for 1.5 minutes. While solution B was obtained by dissolving
ammonium niobium oxalate in deionized water and was also subjected to 1.5 minutes microwave irradiation. After
that, the two solutions were mixed and the resulting orange slurry was aged for overnight to homogenise the particle
distribution. The slurry was then dried by using a rotary evaporator at 353 K to give a sample precursor. Calcination
was then carried out to the precursor where it was heated at 553 K for 1 h in air and at 873 K for 2 h under nitrogen
flow. Post treatment process was done by washing the solid with 30% hydrogen peroxide. The peroxide was
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removed through centrifugation, and the solid was dried in an oven at 373 K for overnight. The Mg containing
catalysts are designated as MVTN-Mg(x), x being the Mg/Mo molar ratio.

Catalysts characterization
The BET surface area of the catalysts was determined by using a Thermo Finnigan Sorptomatic Instrument model
1990 series with adsorption of nitrogen at 77 K.

Powder X-ray diffraction (XRD) patterns were collected by employing a Shimadzu 6000 X-ray diffractometer using
Ni filtered CuK, radiation with wavelength A=1.542A. The catalysts were ground and put on a horizontal sample
holder. The XRD patterns were recorded in the 2° to 60° 20 range at a scanning rate of 2.0° min™".

Fourier-Transform Infrared (FT-IR) analysis was carried out at room temperature in the 280 — 4000 cm™ region with
a Perkin Elmer 1725X spectrophotometer. The pellets were prepared with mixing a catalyst sample with 200 mg of
dry KBr and pressed into disks.

The morphology of the catalysts was obtained by using a Nova 200 Nanolab Field Electron Scanning Electron
Microscope (FE-SEM). The surface catalyst images were recorded at an accelerating voltage of 15 kV and
magnification of 100,000.

Reducibility study

Temperature programmed reduction in hydrogen (H,-TPR) was performed by using a Thermo Finnigan TPDRO
1100 apparatus, utilizing a thermal conductivity detector (TCD). Before subjecting the catalysts to the reducing gas,
the samples were first treated by flowing nitrogen at room temperature for half an hour to remove any weak species
that might present on the surface. After which the nitrogen gas flow was switched to 5.1% H, in argon gas with a
flow rate of 25 ml min™ at a heating rate of 10 K min™ from room temperature up to 1223 K. The mass spectrometer
records the evolution of water continuously during the course of the reaction.

Results and Discussion

Characterisation of as-synthesised samples

XRD patterns of the as-synthesised samples (before calcination) are displayed in Figure 1. The reflections are found
in the 26 = 5 — 15° and 25 - 30° range. These reflections are typical of Anderson-type structure
(NHy)sTeMo0¢0,4.7H,0 as reported by Evans et al. [32] and (NH,),TeMosV0,4.8H,0 reported by Sun et al. [33]
which indicates the presence of heteropoly compounds (HPCs). The narrow diffractions observed in undoped
sample becomes broad bands when Mg was added signifying that the HPCs slowly turns into pseudo-crystallines
with increasing amount of Mg.

Figure 2 shows the FTIR spectra of as-synthesised samples taken in the range of wavenumber 280 — 4000 cm™. All
samples give FTIR spectra with practically identical bands. The bands at 576 cm™ are assigned to a V=0 group
and/or V-O-M bonds (M =V, Nb). Whereas the absorption bands at 483, 630, 678, and 883 cm’! could be assigned
to heteropoly-telluromolybdates, (NH,)sTeMogO,4.7H,0 [34,35] in accordance with the XRD results. The bands at
3400 — 3550 cm™ are associated to the symmetric and anti-symmetric O-H bending modes of lattice water, while the
bands at 1650 cm™ could be related to H-O-H bending modes [36,37]. Additionally, the asymmetric and symmetric
stretching vibration of ammonium cation (v(NH,")) are determined by the band at 1425 cm™, and at 3000 and 3200
cm” respectively [34-36].
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Figure 1. XRD patterns of magnesium free and magnesium containing catalyst precursors: (a) MVTN, (b) MVTN-
Mg (0.02), (¢) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (¢) MVTN-Mg (0.08) and (f) MVTN-Mg (0.10)
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Figure 2. FTIR spectra of magnesium free and magnesium containing catalyst precursors: (a) MVTN, (b) MVTN-
Mg (0.02), (c) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (¢) MVTN-Mg (0.08) and (f) MVTN-Mg
(0.10).

Characterization of calcined catalysts

The XRD patterns of the calcined catalysts are shown in Figure 3. All of the samples show a similar diffraction
peaks with five prominent peaks at 20 = 22.1°, 28.2°, 36.2°, 45.0° and 50.0°. Termed as the “famous five”,
however, it was reported that the MoVTeNbOx catalysts containing these peaks did not work effectively [38],
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suggesting they are not the key drivers of a successful MoVTeNb mixed oxide catalysts. These five peaks
associated with the presence of hexagonal M2, Teq33MO;3; (M = Mo, V and Nb) phase [39-41] which is
isomorphous to that of SbyM (03, phase [10], and hexagonal tungsten bronze (HTB)-type phase [42]. The formation
of M2 phase is common since it is usually started to form at 723 K [43]. It is also noted the development of new
peaks in the range of 20 = 6.7 — 10.0°. These peaks are assigned to orthorhombic M1, Te,M,y0s; (M = Mo, V and
Nb) phase [43,44].
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Figure 3. XRD patterns of magnesium free and magnesium containing calcined catalysts: (a) MVTN, (b) MVTN-
Mg (0.02), (c) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (¢) MVTN-Mg (0.08) and (f) MVTN-Mg
(0.10).

In the case of post-treated catalysts, Te,M>,Os; (M = Mo, V and Nb) orthorhombic M1 was the crystalline phase
mainly observed (Figure 4) which can be identified with the peaks at 26 = 6.7°, 7.8°, 9.0°, 22.1°, 26.2°, 26.8°, 27.2°,
29.2° and 35.4° [7]. Thus it can be concluded that the post treatment with an aqueous solution of hydrogen peroxide
leads to the selective removal of the hexagonal M2 phase from the Mg-doped and undoped MoVTeNbOx catalysts
containing M1 and M2 phase mixtures [45]. However, additional phase of tetragonal (V((;Mo0¢.93)s014 (JCPDS File
No. 31-1473) can be found. Comparison of the XRD patterns of the Mg-promoted with undoped catalysts revealed
that the appearance of phase reflections at 26 = 23.3, 24.6 and 31.5° in undoped catalysts corresponds to the rich
tetragonal (V(,07Mo0¢.93)sO14 phase. This phase was slightly diminished when Mg was added until the molar ratio of
Mg/Mo was 0.06, suggesting the incorporation of Mg in catalyst lattice is responsible for the suppression of the
tetragonal crystallization step. However, beyond that amount (molar ratio = 0.06) the crystallization of tetragonal
phase was started to taken over. The XRD patterns of the formed structural material of MVTN-Mg(0.06) catalyst is
quite similar to the one observed in the case of monophasic MoVTeNbOx orthorhombic M1 phase which were
hydrothermally synthesized [27,28].
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Figure 4. XRD patterns of magnesium free and magnesium containing post-treated catalysts: (a) MVTN, (b)
MVTN-Mg (0.02), (c) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (¢) MVTN-Mg (0.08) and (f) MVTN-
Mg (0.10)

FTIR spectra of post-treated catalysts are shown in Figure 5. The FTIR spectra of bulk MVTN and MVTN-Mg
samples composed of M1 and tetragonal phases show absorption bands at 357 cm™ indicates the existence of Mo-
O-Mo bridge with symmetric stretching vibration [34]. Meanwhile, the band that is related to the anti-symmetric
vibration of Mo-O-M (M = V, Nb, Te) bridging bonds which appear around 700 — 900 cm™ is observed at 745 cm™.
The bands at 560 cm™ may probably presents a V=0 group and/or V-O-M (M = Mo, Nb, Te) bonds. The symmetric
stretching vibration of Mo=0 group that is around 900 — 1000 cm™ is identified by the absorption band at 910 cm™
[46,47]. The most highlighted difference among IR spectra is an intensity of the bands for the catalysts containing
tetragonal phase due to the improved crystallization of this phase. The broad bands at higher region (at around 3000
em” — 3400 cm™) could be attributed as symmetric and anti-symmetric O-H bending modes of lattice water. The
absorption bands at about 1650 cm™ could be assigned to the presence of H-O-H bending modes [36,37]. This is
due to the incomplete drying of post-treated catalysts after washing with hydrogen peroxide. The deviation caused
by the containing water was eliminated as pre-treatment was carried out before catalysts were characterised.

The morphology of post-treated catalyst was investigated by FESEM analysis. In general, all of the catalysts were
found to have a similar morphology of small rod shaped crystallites as shown in Fig. 6. Such kind of morphology
was already been reported by Lopez Nieto and his research team, and are commonly observed for M1 phase crystals
[48]. The particle size is rather homogeneous with apparent edges and pointed corners that agreed well with the
sharp peaks observed in XRD results. There is no clear effect of the addition of promoter to the catalyst
morphology.
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Figure 5. FTIR spectra of magnesium free and magnesium containing post-treated catalysts: (a) MVTN, (b)
MVTN-Mg (0.02), (c) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (¢) MVTN-Mg (0.08) and (f) MVTN-
Mg (0.10)

Figure 6. FESEM images of magnesium free and magnesium containing post-treated catalysts: (a) MVTN,
(b) MVTN-Mg (0.02), (c) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (e) MVTN-Mg (0.08) and
(f) MVTN-Mg (0.10)

BET surface area of MVTN and MVTN-Mg catalysts are shown in Table 1. Low surface area (3.3 — 4.2 m* g') is
observed in all calcined samples. Therefore, there is no significant effect of magnesium addition to the catalyst
crystal structure. However, when the catalysts were post-treated with hydrogen peroxide, the surface area value
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significantly improved (13.4 — 20.4 m* g). This could be related to the selective removal of M2 phase during the
post treatment that contributed to the smaller particle size.

Table 1. General characteristics of heat-treated and post-treated catalysts

BET Surface Area (m” g”) TPR Results®

Catalysts Heat-treated Post-treated T, E, 0, Removed
(K) (kJmol") (atomg™)
MVTN 3.3 13.4 930 155.36 2.56 x 10!
MVTN-Mg (0.02) 3.9 20.1 825  137.82 1.74 x 10*!
908 151.68 7.72 x 10%
2.51 x 10*
MVTN-Mg (0.04) 3.9 20.4 809 147.00 2.18 x 107!
866 158.53 3.87x 107
2.57 x 10*!
MVTN-Mg (0.06) 42 18.8 845 141.16 3.76 x 107!

902 150.68 1.64 x 10%
928 155.02 1.47 x 10%

6.87 x 10*!
MVTN-Mg (0.08) 3.3 153 1009 168.55 4.99 x 10*!
MVTN-Mg (0.10) 3.6 21.3 978  163.38 5.61 x 10*

*TPR results of post-treated catalysts

Catalyst reducibility study

The TPR profiles of MVTN and MVTN-Mg catalysts are shown in Figure 7. The analysis was done by flowing
hydrogen over the catalyst while temperature was increased at a heating rate of 10 K/min from room temperature to
1223 K. The hydrogen upon interacts with surface oxygen will reacts to form water as the product. The evolution of
water was recorded continuously during the course of reaction.

The interaction between the gas phase hydrogen with the surface oxygen can be represented as follows:
Hy(g) + O(s) —» H,O(g) + 1
where (g), (s), and [] denotes gas, surface and vacancy.

Comparison of the peak profiles show that the undoped catalyst (MVTN) has a broad peak with maximum
temperature (7,,,) occurs at 930 K. The catalyst is less reducible as stipulated by the slow climbing of the reduction
peak. On the other hand, all of the promoted catalysts (MVTN-Mg) show a different reduction profile with the peak
climbing start immediately after the catalyst started to reduced. The T}, can be found as low as 825 K (for sample
MVTN-Mg (0.02)). There is also a presence of other peak maxima in these Mg-promoted catalysts which signify
the kinetically different of oxygen species present in the catalysts. The onset of reduction for Mg-promoted catalysts
was at 650 K which is coincidence with the reaction temperature for propane oxidation. Meanwhile, the undoped
catalyst showed the onset of reduction at about 770 K which indicated the less reducible of this sample.

For the undoped MVTN catalyst, the reduction of pure MOn (M = Mo, V) was at 948 K and 995 K [49]. Both Mo
and V species undergo stepwise reduction from Mo®" — Mo*" and Mo*" — Mo’, and V> — V*" and V** — V°,
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respectively. Therefore, the reduction peak observed in this catalyst at 930 K could be attributed to the reduction of
both species. Additionally, Nb”>" might also be reduced to Nb*" at higher reduction temperature of more than 1000 K
as indicated by Pereira et al. [50] in their work on Nb,Os.
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Figure 7. TPR profiles of magnesium free and magnesium containing post-treated catalysts: (a) MVTN,
(b) MVTN-Mg (0.02), (c) MVTN-Mg (0.04), (d) MVTN-Mg (0.06), (¢) MVTN-Mg (0.08) and
(f) MVTN-Mg (0.10)

Meanwhile, the lower peak maximum given by the Mg-promoted MoVTeNbOx catalysts indicated the positive
contribution of promoter. The Mg metals might be well dispersed on the catalyst’s surface and formed weaker
bonds with oxygen species that promote the reducibility of the catalysts. The reduction profiles of MVTN-Mg
catalysts are due to the reduction of MoO,,, VO,, NbO, and also from MgO — Mgo. For MoQ,, the species reduced
from Mo®" — Mo*" and Mo*" — Mo", for VO,, the reduction occurs from V> — V* and V¥ — V°, and NbO,
reduces from Nb*" — Nb° [49,50].

The amount of removable oxygen can be quantified by calculating the area under the peak and the value of the
reduction activation energy, E,, can be obtained from the modified version of the Redhead equation 1:

2= () e () 0

where T, is the peak maximum temperature (K) in the rate of reaction of H,, E; is the reduction activation energy
(kJ mol™), R is the gas constant (J K™ mol™), B is the heating rate (K s™), A, is the reduction pre-exponential term
(cm® mol™ s) which is given the value of a standard collision number of 10" ¢m® mol™ s™ and [H,],, is the gas
phase concentration of hydrogen (mol cm™) at the peak maximum.

The values obtained are listed in Table 1. The total number of oxygen atoms released by the undoped and Mg-
promoted MoVTeNbOx catalysts are found similar (~2.56 x 10*' atom g™). Close inspection revealed that the Mg-
promoted catalysts are more reducible as indicated by the ability of the catalyst to be reduced at lower temperature.
Hence, the oxygen species in these promoted catalysts are more labile signifying the higher activity of the promoted
catalysts. It is also important to note that the MVTN-Mg (0.06) sample have the highest total amount of oxygen
removed. The oxygen species in this catalyst is more reducible at lower temperature as compared to others due to
the existence of orthorhombic M1 phase in this sample that facilitates the oxygen removable.
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The reduction activation energy, E, value > 100 kJ mol™ is high for all samples suggesting that the oxygen being
removed are surface and lattice oxygen species. The circumstance that the reduction study was done in an anaerobic
condition contributed to these findings. There is no weakly bonded oxygen present in these catalysts as shown by no
peak evolution at lower temperature (less than 650 K). Therefore, the surface and lattice oxygen removed in this
works are the strongly bonded ones that could be playing an important role in the catalytic activity of the catalysts.
It has been reported that the oxidation of propane to acrylic acid requires surface and lattice oxygen to be selectively
inserted into the intermediate to form final product. The present of weakly bonded oxygen will somehow assist in
the C-C bond breakage that might lead to the formation of unwanted products such as acetic acid, CO and CO, [51].

Conclusion

Magnesium doped MoVTeNb mixed oxides were successfully synthesized by microwave-assisted slurry method,
calcined in nitrogen at 875 K for 2 h and followed by post treatment with hydrogen peroxide. It was found that the
incorporation of magnesium into the catalyst lattice were greatly affected the catalyst properties as can be clearly
seen in the formation of crystalline phases as observed in the XRD. A highly pure orthorhombic M1 phase that is
reported important in the catalyst activity for propane oxidation have successfully derived when the loading of
Mg/Mo was in the molar ratio of 0.06. Adding less or more that will give mixture of phases with the present of
tetragonal phase became more dominant. The Mg-doped catalysts show a high reducibility property when subjected
to reducing agent which is an important property for an oxidation catalyst. The oxygen in the doped catalysts are
more labile to be removed at lower temperature with high amount of oxygen removable as the consequence of the
weak interaction of the oxygen with the Mg species over the surface of the catalyst.
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