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A study on VPO specimen supported on aluminum-containing
MCM-41 for partial oxidation of:-butane to MA
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Dispersed vanadium—phosphorus oxide species supported on AI-MCM-41 with different vanadium loadings have been synthesized for
the first time for the partial oxidation of butane to MA. It was found that the VPO species was dispersed over the AI-MCM-41 support
material, both in the internal channel and on the external surface. With increasing vanadium leduliteme conversion increased but MA
selectivity decreased considerably under the same reaction conditions. At lower conver80%s (rather high MA selectivitycd. 70%)
can be achieved on the low loading sample. Compared with the amorphous structure of large paepifdt, the unique structure of
the MCM-41 and the incorporated Hf in the framework do have an impact on the reaction behavior of the supported VPO specimen.

The chemical nature of the supported VPO species and the interaction between the applied VPO species and the support was found to vary
notably with the content of vanadium in the sample and likewise affected the related physico-chemical characteristics and their reaction
behaviors.
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1. Introduction ferently and less strongly interacted with the applied active

Currently, the selective oxidation of butane to maleic alji)_hase/spemes, enhanced the selectivity but decreased the

hydride (MA) is the only commercially practiced chemicaf0"Version [3.4].

process for light paraffins [1]. The catalyst used for this reg_etFe ?:;Pr:zgebilcixg'\grsi ;t:g\;v.n(tlh)attr:(r;eszzljgg;/ig)l/ (;Sr Tgﬁggc_
action consisted primarily of unsupported vanadyl perphOufive oxidation of maleic anhydride influenced by internal

phate, (VO}P,O;. Supported catalysts, however, offer sev- L A
eral potential advantages over their unsupported counteless transp_ort Ilmltat!on,_and (2) the parglle_l OX|dat|0_n of
n-gutane to its total oxidation products, which is determined

parts: (1) increased surface areato volume ratio of the actjv the reactivity and the amount of oxvaen o5 takin
phase, (2) increased mechanical strength and (3) impro g ine reactivity a € amount of oxygen Species laking

heat transfer characteristics. Although many research(?%rt in the reaction. Internal mass-transport limitation can

have attempted to prepare supported vanadium—phosph r(asdecreased o a certain degree by applying a support ma-

oxide (VPO) catalysts on SEQTiO,, Al>Og, etc. [2-6], the er'?l \.N'lth v%/ltdher lsltz:rl\e/ls;l;hterefore, thel ortdt(ajred ?]esoporouts
use of a support introduces support—oxide interactions tI{Q? erais ot the. ~+L ype are selected as the supports
his study, which consist of an ordered hexagonal array of

might hinder the formation of the VPO phases. The resulneﬁ%_res (ranging from 20 to 100 nm). These materials, first de-

materials generally consisted of a phase that strongly res . . X
n R R veloped by Mobil researchers [9,10], are basically the solids
bles V** phosphate, mostly-VOPQ, or y-VOPQ, [78], made of SiQ tetrahedra in which Al or other metal [11]

and exhibited low butane conversion and MA selectivity. . . .
Birkelandet al. reported that the SiPsupported VPO cat- °&" substitute some of Si atoms. These solids can have a
. L : high thermal stability (up to 90TC), a large surface area
lysts showeda. 50% selectivity to MA, with but - : a
alys's snoweda o seectivity fo with butane con (more than 700 #ig) and mild surface acidity [12]. Due

version less than 20% [2]. . . ; .
In many studies, it was revealed that the deposition Bcf these unique featur(_es, s_upportmg VPO SPeECIes onto this

a VPO species onto a support material yielded intriguint pe of mellterlalimay yield interesting information and has

capabilities, and application of different support materia bt been |nve§tlgated yet so far. It_ was reported in I|te_r-
Egure that the increased surface acidity favored desorption

could give an insight in understanding the complicated pro . - : -
erties of VPO catalysts. It was found that when VPO speci gpartlally oxidized products with acidic features, such as

strongly interacted with a reducible support, such as tit%

nia and zirconia, it will become more reducible, which re-

markably enhanced the catalytic activity. On the other hanra',In du_m ;/r\]/as m;:orpora_':je_;ﬂ m;(:hthe frametworlt< O.f l}/lﬂ/lil o
application of a support material, such as silica, which difl© ify the sur ace acidity otthe support materia [14]. A se-
ries of VPO specimen supported on Al-containing MCM-41

* To whom correspondence should be addressed. (Si/Al ratio = 30) with different loading of vanadium

aleic anhydride, resulting in an improvement in MA se-
ctivity [13]. For this consideration, certain amount of alu-
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(2.7-18.6 wt%) were synthesized and characterized by the BJH method. XPS was performed on an X-ray pho-
techniques including BET, XRD, TEM, XPS, TP&¢. and toelectron spectrometer — VG ESCALAB MKII, with the
evaluated for partial oxidation ef-butane to MA. Here we X-ray (Mg Ka) energy of 1253.6 eV and the set vacuum less
reported the results obtained. than 2x 10-8 mbar. The binding energies were normalized
based on the C 1s value of 284.6 eV. The particle size of the
samples was examined on a TEM-200CX transmission elec-

2. Experimental tron microscope (TEM). Temperature-programmed reduc-
tion (TPR) experiments were executed in thgMp mixture
2.1. Preparation of mesoporuos Al-containing MCM-41 (5:95 vlv, flow rate 20 ml/min), at a rate of 5 K/min from
materials room temperature to 873 K. Analysis of hydrogen consump-

tion was accomplished using a thermal conductivity detector.

For this study, the synthesis of Al-containing MCM-43ater, evolved during reduction, was removed from the gas
materials (Si/Al= 30) was based on the procedure destream using a cold trap.

tailed in [10], which involved mixing sodium silicate and
cetyltrimethylammonium bromide (CTAB) as the template2_4_ Performance testing
Briefly, a gel with a molar composition of Sp00.016
Al>03:0.25CTAB : 60H0 was prepared by using NaSO
6H,0 as the silicon source, CTAB (25 wt% solution in wa-
ter) as the surfactant, NaOH as basic source and NaAlgz3 733 i A quartz microreactor was loaded with a 0.5 g

served as the aluminum source. The pH of the gel was gk, jjated sample, and 1.584butane/air mixture was intro-
justed toca. 9.6. Crystallization of the gel was carried ou uced at the gas hourly space velocity (GHSV) of 1208.h
in a Teflon-lined stainless-steel autoclave at 413 K for 28 E)n-line gas chromatography systems were used to analyze

After that the resulting solid product was recovered by fiItre}he outlet mixture, and the carbon balance was generally bet-
tion, washed with deionized water and dried in air at ambgér than 95%.

ent temperature. The as-synthesized product was granulated

and calcined at a rate of 1 K/min from room temperature to

823 K in flowing nitrogen, kept at this temperature for 1 ly  Requits and discussion
followed by 6 h in flowing air.

All the in situ activated catalyst samples were tested for
artial oxidation ofn-butane in the temperature range of

3.1. Characterization of the VPO specimen supported on
2.2. Preparation of the MCM-41 supported VPO catalyst mesoporous Al-MCM-41

precursors
Figure 1 shows the XRD patterns of the AI-MCM-41 sup-
In this study, 5, 20 and 35 wt% VPO loadings corresponghrted VPO catalysts with different vanadium loading after
to vanadium content of 27, 10.6 and 18.6 Wt%, reSpeCtiVeyetivation as We” as the pure A|_MCM_41 Support after Ca|_
As an example, the 20 wt% VPO/AI-MCM-41 catalyskination. It was found that the support showed the typical
precursor was prepared in organic medium by employigxagonal structure corresponding to that reported earlier

the reaction of vanadium pentoxide{®%s, 0.36 g) with a py Becket al. [10]. After supporting VPO, the diffraction
mixture of isobutanol (20 ml) and benzyl alcohol (20 ml).

After the reaction mixture was refluxed at 413 K for 6 h,
the mesoporous Al-MCM-41 material (1.8 g) was added intc
the hot black mixture, refluxed for 30 min, then phosphorig
acid (0.54 g, 85 wt%) was, with controlled ratio of vana-
dium/phosphorus- 1.0/1.2, added into the mixture. After J

100

refluxing for another 6 h, the turbid reaction mixture was
filtered and the obtained precipitate, which was typically de 110
fined as the supported VPO catalysts precursor, was drie’cj\ / 00

in air at 393 K for 24 h. The catalyst precursors with othe Al-MCM-41
Swt%VPO/AI-MCM-41

loadings were prepared in the same way.
2.3. Characterization 20wt%VPO/AI-MCM-41

35wt%VPO/AlI-MCM-41

X-ray diffraction patterns were collected at room tem:“/L\
perature using a Shimadzu XD-3A diffractometer with ™ 7" " T~ " T T o o
graphite-filtered Cu K radiation. Nitrogen adsorption 20
isotherms were measured on a Micromeritics ASAP2000 ap-
paratus. Surface areas were calculated according to the Bfglire 1. XRD patterns for the Al-containing MCM-41 supported VPO
theory, and the pore size distribution was calculated using samples after activation.
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1000 Table 1
Physical characteristics of the catalysts with S#ABO, P/V=1.2.
1 Catalyst sample Average pore size SBET
A (m?/g)
B Pure MCM-41 38.4 887
5 wt% VPO/MCM-41 33.7 648

volume adsorption cm®/g

0.3, which was the characteristic of mesoporous materials
with uniform pore size [10].
As can be seen in table 1, the specific surface areas of
0.0 0.5 1.0 .
B/Po the supported catalysts were appreciably lower than that of
the pure AI-MCM-41 support. The loading of VPO had an
Figure 2. b adsorption—desorption isotherm obtained on the 20 wt%gbvious impact on the overall surface area, which decreased
VPO/AI-MCM-41 sample. with increasing VPO loading. Interestingly, the average pore
size was increased with increasing VPO loading, as can be
seen more clearly in table 1. On the higher loading sam-
ples, it is possible that much more pores are plugged by the
supported component around the pore mouth, resulting in
those pores being no longer accessible for nitrogen adsorp-
/bafe Al-MCM-41 material tion and consequently a significant decrease in specific sur-
face area. Moreover, some larger pores were generated on
the higher loading sample, which could be due to the more
pronounced structural and textural changes of the MCM-41
support, as also revealed in the XRD results. On the whole,
/2"‘”t %VPO/AIMEM-411  the apparent average pore size on the higher loading sam-
ple was less changed. On the lower loading sample, how-
0 . i o ever, more VPO species were present inside the pores, re-
sulting in a smooth decrease in both the surface area and the
pore-size distribution. From figure 3, it seems unlikely that
Figure 3. Pore-size distributions of the A-MCM-41 supported VPO catdN€ active phase is precipitated next to the support, since, if
lysts and the corresponding Al-MCM-41 support. this occurred, a bimodal pore size distribution would be ex-
pected, but this was not observed. Therefore it was thought
patterns displayed are only the characteristics of the suhat the supported vanadium—phosphorus oxide species were
port, and no VPO crystallite can be observed even for tipgesumably dispersed on the support surface, which is in
18.6 wt% loading of vanadium. Most of the supported VP@greement with the XRD observations. Transmission elec-
species could be in amorphous form and dispersed in tihen microscopy (TEM) examination also revealed that in the
internal channels as well as on the external surface. Ruitéow loading sample the supported VPO component could be
beeket al. early reported that on the SiGupported VPO well-dispersed on the support surface and was hardly distin-
catalysts the VPO species was also in amorphous state [Ifi]ished from the support images, while in the high loading
Very recently, Hutchingst al. claimed that even the un-sample some VPO components, presumably in amorphous
supported amorphous VPO prepared through SCFD ip C@rm, are present around the pore mouths and on the exter-
was nearly as active as its crystalline counterpart [16]. Thal support surface, as shown in figure 4 (a) and (b), respec-
VPO species present had a notable effect on the intenditely.
and width of the mainiipo-spacing, and the peak becomes The data of XPS measurements on the AI-MCM-41 sup-
broader and weaker with the increasing loading, which sugerted VPO catalysts are summarized in table 2. The fresh
gested that the long-range order of the AI-MCM-41 wa&l-MCM-41 supported VPO catalysts activatéad situ at
decreased noticeably by the presence of VPO species. 6l#8 K for 6 h as well as a used one were included. It was re-
order to evaluate the surface areas and the porosity of thealed that the support surface was covered by VPO species
supported materials, Nadsorption was applied to the samsince the vanadium and phosphorus signals were detected in
ples. The N adsorption—desorption isotherm for the 20 wt%ll cases and it was also reflected by the change of surface
VPO/AI-MCM-41 sample is shown in figure 2 as an examSi/V ratios with the VPO loading. For the used sample, al-
ple, and the pore-size distribution curves are presentedtimough the P/V ratio basically retained, the surface Si/V ratio
figure 3. The data of surface areas and the average pnotably decreased. This implies that there might be a struc-
sizes are given in table 1. For all the samples, the isothertosal rearrangement of the supported VPO species under re-
showed the similar inflection feature arouRd Py = 0.2— action condition [17]. It was also found that the P element

20 wt% VPO/MCM-41 36.0 452
7 //J 35 wt% VPO/MCM-41 38.0 383
e T
T

Pore volume (cm®/g-nm)

24 5wt %VPO/AI-MCM-41

Pore diameter (angstrom unit)
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100nm

Figure 4. Representative TEM graphs of the activated Al-MCM-41 supported samples: (a) 5 wt% loading sample, and (b) 20 wt% loading sample.

Table 2

V 2pg,, binding energies and P/V and Si/V ratios determined by XPS. 5

Catalyst sample V 2p, Atomic ratio N 35wt% \
(eV) PV Silv T —

5 wt% VPO/MCM-41 516.8 15 17.8 © 20wt%
(activated at 673 K for 6 h) 5 e o
20 wt% VPO/MCM-41 517.0 2.9 114 &
(activated at 673 K for 6 h) E 5wt% )
35 wt% VPO/MCM-41 517.6 3.1 91 @ - )
(activated at 673 K for 6 h) ) . ‘ . \ ' [ . ‘
5 wt% VPO/MCM-41 517.1 1.3 125 © 473 573 673 773 873

(after reaction)

Temperature/K

. L Figure 5. TPR profiles of the AI-MCM-41 supported VPO catalysts with
was enriched on the surface, which is the common phenom- different loadings.

enon observed on the unsupported VPO catalysts [18,19].
The surface P enrichment was thought to be favorable to ihe Boer made a similar observation on the silica supported
prove the MA selectivity for the butane oxidation on the urivloOs3 catalysts at the loading of 3-9 wt% Meg(QR3]. He
supported VPO catalyst [20], but in our case, there was g8aggested that the low reducibility could be due to the well-
clear relationship established between these two paramettispersed Mo@species on the support surface. In our case,
and it will be discussed below. Note that the degree of sut-is possible that the dispersion state also has an impact on
face P enrichment becomes more pronounced on the higties reduction of the supported VPO species. It is suggested
loading samples, suggesting the state of supported VRt the interaction of the VPO specimen with the Al-MCM-
species varied somewhat with increasing loading, which #1 support surface might lead to part of oxygen atoms shared
turn affects the interaction between the VPO species and thetween (surface) Si and V atoms at the border of the well-
MCM-41 support. As for the binding energies of vanadiuntlispersed VPO cluster and the Al-MCM-41 support surface,
the values are close to that reported for (Y7, namely, which could resultin apparently low reactivity and reducibil-
517.6 eV [20], but notably lower than that fop®s [22] and ity of lattice oxygen. Actually, it was found that the on-set
B-VOP(Qy [20]. Therefore, the average oxidation state aemperature of reduction of the AI-MCM-41 supported cata-
vanadium in these supported samples should be aro#nd 4ysts shifted to lower temperatures with increasing loadings.
Note that the binding energy of vanadium increased with ilffrom these results, it is clear that the nature of the interaction
creasing loading, and the largest deviation was up to 0.8 é)étween the applied VPO species and the support could be
which clearly indicated that the interaction between the sugaried with VPO loading and likewise affected the reduction
ported component and the support varied with loading.  behavior of the related lattice oxygen atoms.

Figure 5 shows the reduction behavior of the AI-MCM-
41 supported catalysts with different loadings. Since tI&2. Reaction performance in selective oxidation of
support itself was not reduced in the applied temperature n-butane
range, the observed reducibility should be attributed to the
supported VPO species, mostly in surface regions due to rel-Figure 6 (a) and (b) shows the catalytic performances as
atively low reduction temperatures applied. It seems thafunction of reaction temperature over the samples with dif-
the reducibility increased with increasing vanadium loadingerent vanadium loading. Since the AI-MCM-41 support
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amorphous Si@ was prepared and then evaluated under the
same reaction conditions.

In figure 6 (a) and (b), it was found that at the same
reaction temperature-butane conversion increased while
MA selectivity significantly decreased with increasing vana-
dium loading. It appears that below 673 K both butane con-
version and MA selectivity changed slowly, while beyond
673 K they changed sharply at elevated temperatures. The
high level of conversion at higher loading probably origi-
nated from the more reactive but relatively non-selective ac-
tive sites present on VPO species loosely interacting with
the MCM-41 base. If the selectivity was plotted as a func-
tion of the conversion, seen in figure 6(c), it was found that
much higher MA selectivity can be achieved at lower con-
versions £30%) on the lower loading sample. MA selectiv-
ity decreased with increasing conversion and similar level of
selectivity would be achieved on different loading samples
as butane conversion was beyond 35%. For the, Siap-
ported sample, the typical reaction data obtained at 673 K
areca. 44% conversion and 38% MA selectivity (not shown
in the figure). Clearly, a distinctive reaction behavior was
observed between these two kinds of supported samples.

As discussed in the previous sections, the interaction be-
tween the active VPO species and the support changed with
different loading, which affected the related structural fea-
ture and the reactivity of lattice oxygen. Buesdoal. re-
ported that the VO(SIO¥®7 phase could form in Si@sup-
ported VPO samples, especially when prepared in inorganic
medium [24]. Itis likely that the VPO species present pre-
dominately in the hexagonal pores on the lower loading sam-
ple have a proper interaction with the MCM-41 support,
which is beneficial to MA formation. Furthermore, the in-
corporated At* in the framework of MCM-41 support may
function more evidently to the surface acidity of support at
low loading, which also has an impact on MA selectivity. On
the other hand, a quick drop in selectivity at high butane con-
version on the low loading sample may, then, be attributed to
the much higher reaction temperature requested for attaining
the conversion.

4, Conclusions

Al-containing MCM-41 supported VPO catalysts with
different vanadium loadings have been synthesized for the
first time for the partial oxidation of butane to MA. The
MCM-41 support material still basically maintained the or-
dered hexagonal structure. The supported VPO compo-
nent was found to be mostly in amorphous form. The re-
sulting VPO species was anchored to the support material.

m-

perature, and (c) selectivity as a function of conversion on the supportgchOSphate element was enriched on the sample surface and

VPO catalysts.

the degree of enrichment increased with increasing loading.
A possible redispersion of the VPO species may occur dur-

materials did not show any detectable activity febutane ing the reaction procedure.

oxidation under the same experimental conditions, the ac- The reactivity as well as the reducibility of the supported
tivity measured should be merely attributed to the support®PO species, as deduced from the consumptionHfrid-
VPO species. For a further comparison, another supportaddly changed with VPO loading. The structural feature
VPO sample, that is, a 5 wt% VPO loading on the large pood the VPO species and the interaction between the VPO
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species and the support remarkably altered with loading4]
which determined the reduction behavior of the supported
catalysts. 5
For the same reason, both butane conversion and MA sg;
lectivity are apparently closely related to the loading. At low
conversions£30%), the selectivity increased with decreas{7]
ing loading, but inversely at higher conversions. The inher-
ent relationship among the loading, the dispersion state, the
structural feature of the supported species, and the intera[gl—
tion between the VPO species and the support determinegg
the overall catalytic performance. Although the depth of the
relationship between the different variables on the catalytic
chemistry has not yet been fully recognized, the concept of
applying vanadium—phosphorus oxide onto the mesopm%g
Al-MCM-41 provided a new and alternative approach for itg o]
appropriateness to help to understand the complexity of cat-

alytic chemistry of VPO catalysts. {13%
14
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