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Abstract A series of vanadium phosphorus oxides (VPO)

were prepared by using dodecyl amine as surfactant and

tested for the partial oxidation of isobutane and isobutene.

Characterization results showed that their structure and

properties depend on the content of dodecyl amine. Cata-

lytic tests showed that relatively high isobutane conversion

and desired product selectivity can be achieved over a

proper dodecyl amine doping VPO catalyst. It is also found

that higher isobutane conversion can be achieved over

V4?-containing phases as compared to V5?-containing

phases, while proper surface V5?/V4? ratio may be pro-

pitious to obtain high selectivity to methacrylic acid for the

selective oxidation of isobutane. In addition, the content of

dodecyl amine in the preparation of the VPO catalysts

appears to be more important in determining the surface

P/V ratio of the catalysts.

Keywords Isobutane � Isobutene � Vanadium phosphorus

oxide � Selective oxidation � Methacrylic acid

1 Introduction

It is well known that partial oxidation of n-butane to maleic

anhydride (MA) is the only commercialized process for

light paraffin conversion [1, 2]. The key factor of the

success is that the designed product MA is very stable for

further oxidation due to its strong C–H bond energy.

However, after a lot of efforts developing catalysts for

many years, the selective oxidation of isobutane to meth-

acrolein (MAL) and methacrylic acid (MAA) is still

classified as a highly difficult reaction. The reason for this

problem is the reactive methyl group of produced MAL

and MAA, which are highly unstable against further oxi-

dation to generate complete oxidation products. Generally,

in order to obtain high selectivity to MAL and MAA,

oxygen insertion to the double bond of the isobutene

intermediate should be much faster than oxidation C–H

bond fission at the methyl group. Therefore, catalysts

possessing multi-functional properties should be designed

for the selective oxidation of isobutane.

V-based catalysts have been the object of numerous

investigations, because they correspond to a general

composition used in the great majority of catalysts active

for obtaining isobutene from isobutane [3]. However,

vanadium phosphorus oxide (VPO) has seldom been

studied in the selective oxidation of isobutane [4],

although VPO is well known as effective catalyst for the

selective oxidation of n-butane to MA [1, 2]. It is gen-

erally accepted that well crystallized (VO)2P2O7 is the

major phase that is present in an industrial VPO catalyst,

whereas the participation of V5? species in the form of

VOPO4 phases, disperses on the surface V4?/V5? couples

or surface and bulk crystalline defects in the catalytic

process [5, 6]. However, the exact stoichiometry and

structure of the active and selective component(s) in the

mixture of phases and variants of structures it contains is

still the object of a debate. It is therefore attractive to

investigate the catalytic performance of alkane oxidation

over VPO system catalysts.
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In the past years, there have been many reports about the

synthesis of mesostructured vanadium phosphate (VPO)

phases by using cationic (alkyl trimethyl ammonium salts),

anionic (alkyl sulfonates and phosphates) and primary

alkylamines as structure directing surfactants [7–17]. How-

ever, these materials are mainly applied in relatively low

temperature reaction because the surfactant is inevitably lost

at relatively high temperature. Therefore, it is necessary that

these samples should be calcined at a high temperature to

eliminate the surfactant for the catalytic oxidation of alkanes.

In this paper, we present how the incorporation of

dodecyl amine to a VPO catalyst has a promoter effect on

the catalytic performance for the selective oxidation of

isobutane. In addition, we reported the major crystalline

phases found in the VPO oxide catalysts which were

characterized by XRD. Moreover, the oxidation state of

surface V atoms was also investigated by XPS.

2 Experimental

2.1 Catalyst Preparation

The following chemicals were commercially available and

used as received: dodecyl amine ([99%, Tianjin Fine

Chemical Company), V2O5 ([99%, Beijing Fine Chemical

Company), H3PO4 (85%, Beijing Fine Chemical Company).

Dodecyl amine (DA) was intercalated into VO-

HPO4 � 0.5H2O by an organic solvent method [7]. In a

typical synthesis, 1.82 g (0.01 mol) of V2O5 was sus-

pended in a mixture of 20 mL of isobutyl alcohol and

10 mL of benzyl alcohol. The suspension was stirred under

reflux at 120 �C for 8 h and then cooled to room temper-

ature. Different amounts of DA (N/V molar ratio = 0, 1:2,

1:1, 3:2, and 2:1) were added to the solution, which was

boiled for 30 min to get a homogeneous dispersion.

Afterward, 2.30 g (0.02 mol) of 85% H3PO4 in 10 mL of

benzyl alcohol was dropped into the suspension in 2 h. The

mixture was further treated under reflux (120 �C) for 10 h.

After the suspension was cooled to room temperature, the

resultant slurry was filtered, washed with isobutanol for

several times, then dried at room temperature for 12 h to

obtain the catalyst precursor (coded as P-NV0, P-NV12,

P-NV11, P-NV32, and P-NV21, according to N/V molar

ratio), which was calcined under a flow of air (100

mL/min) at 500 �C (raising temperature rate of 2 �C/min)

for 8 h to obtain the corresponding catalyst (denoted as

C-NV0, C-NV12, C-NV11, C-NV32, and C-NV21).

2.2 Catalyst Characterization

Specific surface areas of the catalysts were measured based

on the adsorption isotherms of N2 at -196 �C using the

BET method (Micromeritics ASAP2010). Powder X-ray

diffraction (XRD) patterns were collected using a Shima-

dzu XRD-6000 scanning at 4�/min with CuKa radiation

(40 kV, 30 mA). Infrared spectra (IR) of the samples were

recorded at room temperature using a NICOLET Impact

410 spectrometer.

X-ray photoelectron spectra (XPS) were recorded on a

VG ESCA LAB MK-II X-ray electron spectrometer using

AlKa radiation (1486.6 eV, 10.1 kV). The spectra were

referenced with respect to the C1s peak at 284.7 eV.

Measurement error of the spectra was ±0.2 eV.

H2-temperature programmed reduction (TPR) experi-

ments were carried out in a flow reactor system, in which

10 mg of catalyst was charged each run into a U-shaped

quartz microreactor (4 mm i.d.). After purging with Ar gas

from 50 to 300 �C at a ramp rate of 10 �C/min, holding at

300 �C for 30 min, and cooling to 100 �C, the sample was

reduced in a 5% H2/Ar stream (25 mL/min). The reduction

temperature was raised uniformly from 100 to 800 �C at a

ramp rate of 10 �C/min. H2 consumption was measured by

a thermal conductivity detector (TCD).

2.3 Catalytic Tests

The reaction was performed in a stainless steel tubular

fixed bed reactor (16 mm i.d., 400 mm long) under atmo-

spheric pressure. Each catalytic test was carried out using

1.0 g of catalyst, which was granulated into particles of

20–30 mesh size and diluted with 1.0 g of SiC particles to

prevent temperature gradients and hot spots in the reactor.

Under our reaction conditions, the homogeneous reaction

can be neglected. Carbon mass balances of C97% were

typically observed.

Reaction feed was controlled by a mass flow controller,

and water was fed by a mini-pump. The catalytic reac-

tion condition was as follows: molar ratio of the feed

gas i-C4H10:O2:N2:H2O = 1:2:2:2, i-C4H8:O2:N2:H2O =

1:2:5:2. The products were then fed via heated lines to an

on-line gas chromatography for analysis. Methacrolein

(MAL), methacrylic acid (MAA), COx (CO, CO2), and

acetic acid (HAC) were the main products. Small amounts

of propylene (C3
=), isobutene (i-C4

=), acetone, acrolein, and

acrylic acid were also detected.

3 Results and Discussion

3.1 XRD Studies

The XRD patterns of mesostructured VPO synthesized using

different content of DA surfactant are shown in Fig. 1. It is

obvious that the product NV0 synthesized from a mixture of

reactants without DA shows no diffraction peak in the 2h
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region of 1.2–10.0� in the XRD pattern, but yields many

peaks at 10–40� (not shown here). However, VPO catalyst

prepared by using DA (e.g., N/V = 1/2) shows two reflec-

tions at 3.5� and 6.9� corresponding to the (0 0 1) and (0 0 2)

reflections, indicating that a lamellar VPO mesophase is

obtained [7, 10, 16]. Therefore, it is apparent that the exis-

tence of DA is essential to the formation of VPO having the

mesoporous structure. Furthermore, the low angle peaks in

XRD pattern are found to shift toward lower 2h angles with

increasing the content of DA, implying the formation of

larger mesopores. In the meanwhile, the intensity of the

diffraction peak corresponding to the (0 0 1) reflection

became stronger with increasing the N/V molar ratio sug-

gesting the improvement of crystallinity of VPO-DA.

The XRD patterns of the prepared catalysts calcined at

500 �C in air are depicted in Fig. 2. In the case of the

sample C-NV0, the peaks at 2h = 10.7�, 14.9�, 21.5�,

29.2�, 30.0�, 35.7�, 42.3�, 45.6�, and 46.7� can be assigned

to (VO)3P4O13 [50-0418], while the peaks at 2h = 18.1�,

21.5�, 23.2�, 29.2�, 32.2�, 45.6�, and 46.7� can be attrib-

uted to c-VOPO4 [47-0950]. In the meanwhile, the XRD

patterns of DA-synthesized VPO catalysts (C-NV12, C-

NV32, and C-NV21) show that they also contain a mixed

phase of (VO)3P4O13 and c-VOPO4. However, it is worthy

to mention that the C-NV11 catalyst has (VO)3P4O13 phase

as well as b-VOPO4 phase, which is different from other

DA-synthesized VPO catalysts. In addition, infrared mea-

surement (not shown here) indicates that no C–H and C–O

bands can be observed for DA-synthesized VPO catalysts,

suggesting that the residual DA is entirely removed and the

activated catalysts are DA-free after calcination.

The XRD patterns of the catalysts after reaction with

isobutane are illustrated in Fig. 3. It is well known that

products of the reaction likes oxygenates, water, and COx

can interact with the catalytic material which should con-

sequently change the surface and the bulk composition and

thus change the distribution of the generated products all

along the period of activation. As shown in Fig. 3, it is

exhibited that (VO)3P4O13 phase becomes the main phase

for the five given VPO catalysts after reaction with isobu-

tane, although c-VOPO4 phase is also detected. Compared

to the C-NV0 catalyst before reaction, it is revealed that

(VO)3P4O13 phase becomes weaker, and amorphous phases

are found after isobutane reaction. It is also of interest to

notice that only (VO)3P4O13 and c-VOPO4 phases exist,

while b-VOPO4 phase is not detected in the C-NV11 cat-

alyst after reaction, demonstrating that electron and oxygen

species are carried between the surface and the bulk of the

oxide. In other words, the surface of the VPO catalyst was

slowly reduced with the time of reaction, which leads to the

transformation of the phases in the bulk (e.g., b-VOPO4 to

(VO)3P4O13 and c-VOPO4).

2 4 6 8 10

003002

001

P-NV0

P-NV12

P-NV11

P-NV32

P-NV21

In
te

n
si

ty
,a

.u
.

2-Theta

Fig. 1 XRD patterns of as-synthesized mesostructured VPO phases

prepared using different content of DA surfactant
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Fig. 2 XRD patterns of samples calcined at 500 �C in air: (j)

c-VOPO4; (m) b-VOPO4; (s) (VO)3P4O13
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Fig. 3 XRD patterns of VPO catalysts after reaction with isobutane
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3.2 XPS Studies

To gain deeper insight into the surface constitution and

properties of these catalysts, their V2p3/2 binding energies

are investigated and corresponding spectra are displayed in

Fig. 4, which are composed and integrated with the results

shown in Table 1. The V 2p3/2 peak of catalysts could be

fitted into two components at 516.9 and 518.0 eV, which

can be related to V4? and V5? species, respectively [18–

20]. Thus, the surface V5?/V4? atomic ratio is found to

increase in the sequence C-NV11 \ C-NV12 \ C-

NV32 \ C-NV0 \ C-NV21. This result shows that the

surface V5?/V4? distribution could be modified by doping

DA into VPO system. This information is remarkably

important for catalytic considerations: the chemical reac-

tion implies generally the interaction of the organic reagent

and dioxygen at the surface of the oxides. As shown in

Fig. 4 and Table 1, it is evident that the surface V5?/V4?

atomic ratios of the used catalysts (R-NV0 and R-NV11)

are much lower than those of the corresponding fresh

catalysts suggesting that a part of V5? in the fresh catalysts

are reduced to V4? after reaction.

As shown in Table 1, the P2p binding energies of sur-

face phosphorus are very similar (ca. 133.2 eV) for all of

the samples. It is revealed that the element of P is enriched

on the surface, which is a common phenomenon for VPO

catalysts [21]. It is generally accepted that a slight excess

of phosphorus somehow helps stabilize the V4? oxidation

state and limits the over oxidation of a V4?-containing

phase to a V5? phosphate both in the reactant’s atmosphere

and in air. However, the suggestion does not consist with

our observation. As can be seen from Table 1, there are

much higher surface P/V ratios on the C-NV32 and

C-NV21 catalysts than those on the other catalysts, while

the surface V4?/V5? atomic ratios of the two catalysts are

remarkably lower than the other catalysts. In addition, the

high surface P/V ratio indicates that the surface of working

VPO catalysts consists of an amorphous layer, probably not

detectable by XRD. This observation can be confirmed by

the XRD patterns of the used catalysts with similar high

surface P/V ratio (shown in Table 1). It is clear that there

are amorphous phases in the R-NV0 and R-NV11 catalysts

and their surface P/V ratios increase compared with the

fresh catalysts indicating that a high P-containing phase is

present in the amorphous layer. Martin et al. [22] also

reported a similar phenomenon in a study on solid state

reaction of (NH4)2VOP2O7 in the presence of ammonia.

3.3 H2-TPR Studies

For the selective oxidation of isobutane over VPO catalyst,

redox cycle of vanadium generally involves reduction of

V5? and V4?, and the further reduction of V3? is negligible

in this system. According to previous reports [23–26],

reduction of V5? and V4? is usually taken place in the

temperature range of 25–800 �C. In Fig. 5, the TPR profiles

of the calcined catalysts are plotted. Generally, the peaks
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Fig. 4 X-Ray photoelectron spectra corresponding to the main

transitions (V 2p3/2) of the calcined catalysts before and after reaction

with isobutane

Table 1 XPS data of the calcined catalysts before and after reaction with isobutane

Sample Binding energy (eV) Surface composition (at %) Surface oxidation

states

Average oxidation

number

V2p3/2 P2p O1 s V P O P/V V5?/V4? Vn?

C-NV0 518.2 133.0 531.1 9.3 12.6 78.1 1.4 0.78/0.22 4.78

R-NV0a 517.1 133.9 531.2 8.5 20.7 70.8 2.4 0.48/0.52 4.48

C-NV12 517.7 133.2 531.1 8.3 13.6 78.1 1.6 0.69/0.31 4.69

C-NV11 517.6 133.3 531.4 9.7 11.4 78.9 1.2 0.55/0.45 4.55

R-NV11a 517.1 134.0 531.4 8.3 21.6 70.1 2.6 0.27/0.73 4.27

C-NV32 518.1 133.2 531.4 7.1 19.1 73.8 2.7 0.94/0.06 4.94

C-NV21 518.3 133.3 531.2 6.9 21.4 71.7 3.1 0.99/0.01 4.99

a After reaction with isobutane
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present in the ca. 500–700 �C range are attributed to the

removal of oxygen related to V5? species, while the TPR

profile shows a main peak in the ca. 700–800 �C range,

attributable to the removal of lattice oxygen related to V4?

species [26–29]. Compared with the first reduction peak of

the DA-synthesized VPO, the first reduction peak of the C-

NV0 sample occurs at lower temperature (533 �C), sug-

gesting that the lattice oxygen is more reactive.

In order to estimate the H2 consumption, the area of

TPR profile is integrated (Table 2). The results of Table 2

indicate that the total H2 consumption (lmol/10 mgcat.) is

20.3 for C-NV0, 56.6 for C-NV12, 55.2 for C-NV11, 55.5

for C-NV32, and 64.7 for C-NV21. Consequently, the total

H2 consumption increases in the sequence C-NV0 \

\ C-NV11 & C-NV32 \ C-NV12 \ C-NV21. However,

the H2 consumption of the catalysts corresponding to low

temperature (about 560 �C) increases with increasing the

content of DA in the synthesized process and reaches a

maximum when the N/V molar ratio is 3/2. In addition, it is

apparent that for C-NV12, C-NV11 and C-NV32, a large

H2 consumption can be seen at high temperature region

(700–800 �C). Such behavior seems to be related to

changes in the nature of the crystalline phases by a

DA-synthesized route. Namely, the reducibility of the VPO

catalyst is improved by DA treatment.

3.4 Catalytic Properties

BET specific surface areas and catalytic behaviors of the

five catalysts prepared for this study are presented in

Table 3. The sample C-NV0 without addition of DA in the

synthesized route possesses the largest specific surface

area, while the specific surface area of the samples syn-

thesized with DA obviously decreases. For instance, it is

only 5.6 m2/g-1 as the N/V molar ratio is 1/2 in the syn-

thesized gel. However, the specific surface area may

slightly increase with further augmenting the N/V molar

ratio up to 2/1 in the preparation of catalyst precursor.

The effects of DA surfactant content on the possible

active phases and catalytic behavior of VPO catalysts were

evaluated, and the results are summarized in Table 3. It can

be seen that the conversion of isobutane decreases with

initial addition of DA surfactant, but it gradually increases

with the further increase of DA surfactant. The change of

isobutane conversion would be explained by the corre-

sponding change of the specific surface areas of the tested
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Fig. 5 The H2-TPR profiles of samples calcined at 500 �C in air

Table 2 The H2-TPR results of samples calcined at 500 �C in air

Sample

C-NV0 C-NV12 C-NV11 C-NV32 C-NV21

Temperature (�C) 533/565/682 557/634/751 557/627/726 563/606/763 557/667

Weight (mg) 10 10 10 10 10

H2 consumption (lmol) 14.4/3.5/2.4 18.8/9.9/27.9 21.9/3.5/29.8 26.8/8.1/20.6 24.3/40.4

Table 3 Catalytic data of the catalysts for isobutane oxidation at 380 �Ca

Sample SBET

(m2/g-1)

Conversion

(%)

Selectivity (%)

i-C4
= MAL MAA CO CO2 C3

= ACT HAC

C-NV0 13.3 20.4 0 3 11 45 20 4 0 17

C-NV12 5.6 17.3 5 17 16 29 10 8 2 13

C-NV11 5.7 17.5 2 18 26 29 10 6 3 6

C-NV32 5.7 17.6 5 20 16 29 10 8 4 8

C-NV21 8.3 18.3 0 5 14 43 15 6 0 17

a Reaction condition: i-C4H10:O2:N2:H2O = 1:2:2:2 (mol), GHSV = 3000 ml h-1 gcat
-1
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catalysts, whereas the astonishing variety of the MAL and

MAA selectivity would not follow the trend. As can be

found from Table 3, the selectivity to MAL and MAA is

considerably improved by the addition of small amount of

DA surfactant. For example, the selectivity to MAL and

MAA reaches 17% and 16%, respectively, as the N/V ratio

is as low as 1/2. The selectivity to MAL and MAA

increases continuously with the increase of DA-content,

and reaches 20% for MAL selectivity and 26% for MAA

selectivity when the N/V ratio increases up to 3/2 and 1/1,

respectively. However, their selectivities decrease with

further increasing content of DA surfactant. Therefore, it

can be concluded that the addition of DA has a positive

effect on the formation of MAL and MAA for the selective

oxidation of isobutane over VPO catalyst.

Combined with the XRD results of VPO catalysts after

reaction with isobutane, it is confirmed that V4?-containing

(VO)3P4O13 is the dominant phase in the reacted catalysts.

It is therefore rational to suppose that V4?-containing

phase (e.g., (VO)3P4O13) may play an important role in the

formation of MAL and MAA. The results on catalytic

performances with time-on-stream show that the isobutane

conversion is doubled after a period of first 7 h reaction

compared to the initial activity, whereas a steep decrease

(about 16%) in MAA selectivity is observed at the same

time (not shown here). Afterwards, the catalytic perfor-

mance is almost steady. In view of the higher surface V5?

content before reaction than after reaction, it is therefore

assumed that the VPO catalysts containing discrete

amounts of V5? sites have in general a better catalytic

performance in the oxidation of isobutane than the catalysts

which exclusively contain V4? sites in good agreement

with many reports for ethane oxidation, and n-butane

oxidation [30–33]. It has been reported that the presence of

a relatively high fraction of surface V4? oxide species leads

to a significant improvement of the catalytic performances

in the oxidative dehydrogenation of ethane over a VOPO4/

TiO2 catalyst. In addition, the selective oxidation of H2S to

sulfur proceeds only when V2O5 is substantially reduced

(more than 20%), and then a redox mechanism on V2O5

catalysts is suggested [34–36].

According to our previous experiment, we found that the

catalytic behavior of isobutane partial oxidation over V4?-

containing (VO)2P2O7 catalyst is very bad. It is also

inferred that the changes in the catalytic performance for

selective isobutane oxidation to MAL and MAA mainly

result from the variation of the bulk and surface V5?/V4?

ratios [37]. However, the effect is very complex and the

perfect V5?/V4? balance to achieve the best performance

in selective oxidation of light alkanes is still not clear. We

find that the reproducibility of the catalysts and the cata-

lytic results is provided. In addition, the catalyst

deactivation is under investigation.

In the meanwhile, the redox properties of the VPO

catalysts also affect the catalytic performance of the cata-

lysts in isobutane oxidation (shown in Fig. 6). A clear

correlation is observed between the catalytic performance

and physicochemical properties. Combined with the TPR

results shown in Fig. 5, C-NV0 gives a slightly better

reducibility compared to the DA-synthesized VPO and

possesses higher labile and more reactive lattice oxygen at

lower temperature which enhances the catalytic activity.

However, a first increase in H2 consumption is observed

with increasing DA-content, and MAL and MAA yields

increase, while isobutane conversion slightly decreases.

But too high H2 consumption for a catalyst is not favor the

formation of MAL and MAA. The preferable MAL and

MAA yield is achieved over C-NV32 and C-NV11 cata-

lysts with appropriate H2 consumption.

The reaction results of selective oxidation from isobu-

tene to MAL and MAA over the catalysts at 380 �C given

in Table 4 indicate that all of the VPO catalysts are less

active and selective for the partial oxidation of isobutene to

MAL as compared to bismuth molybdate system catalysts

[38–40]. In opposition to the behavior of isobutane partial

oxidation, C-NV0 catalyst achieves the best catalytic
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Fig. 6 Relationship of the H2 consumption with the catalytic

performance

Table 4 Catalytic data of the catalysts for isobutene oxidation at

380 �Ca

Sample Conversion

(%)

Selectivity (%)

MAL MAA CO CO2 C3
= ACT HAC

C-NV0 50.4 33 9 16 25 2 7 8

C-NV12 38.8 21 11 20 27 5 11 5

C-NV11 33.3 24 16 19 31 1 8 1

C-NV32 29.5 33 8 15 23 3 9 9

C-NV21 18.1 13 16 28 13 2 4 24

a Isobutene:O2:N2:H2O = 1:2:5:2 (mol); GHSV = 1800 mL h-1 gcat
-1
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performance. In the meanwhile, it is apparent that rela-

tively high MAL selectivity is obtained over C-NV32

catalyst. Considering that relatively high V5?/V4? ratios

are detected on the surface of the two VPO catalysts, it can

be concluded that the presence of appropriate V5? ions on

the surface of catalysts favors the formation of MAL.

However, one can find that too high surface V5? content

(i.e., C-NV21 catalyst) may lower the selectivity to MAL

due to its overoxidation.

In addition, it can be concluded that the selectivity to

MAA in the selective oxidation of isobutane over VPO

catalysts (Table 3) is generally higher than that in the

selective oxidation of isobutene (Table 4). Therefore, it is

reasonable to propose that MAA is formed not only from

isobutene and MAL, but also directly from isobutane or an

intermediate. In other words, MAA is formed following a

parallel-consecutive scheme: the consecutive path of the

reaction may include the steps: isobutane ? isobutene ?
MAL ? MAA ? COx.

4 Conclusions

Activated vanadium phosphate catalysts were obtained by

calcining VPO-DA precursors. BET surface area showed

that DA-series catalysts gave lower surface area as com-

pared to the sample prepared with no DA. Reduction profiles

of VPO catalysts gave reduction peaks associated with V4?

and V5? species, while the lattice oxygen in C-NV0 catalyst

is more reactive than DA-series catalysts. Moreover, higher

amount of H2 consumption was related to DA-series cata-

lysts. From the catalytic test for isobutane oxidation, DA-

series catalysts show higher MAL and MAA selectivity

compared with the DA-free catalyst. The V4?-containing

(VO)3P4O13 phase is suggested to be active for isobutane

oxidation, while the presence of small V5? species may

favor the formation of MAA. Under our reaction conditions,

the C-NV11 catalyst achieved the best MAL and MAA

selectivity (44%) and yield (7.7%) at 380 �C.
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