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The acidic and basic properties and the oxidation activity for n-butane and I-butene were studied 
for V20S-PrOJ catalysts prepared by six methods. The acidity increases and the basicity decreases 
with an increase in the phosphorus content. The catalytic activity for two acid-catalyzed reactions 
revealed that, in the cases of certain catalysts, a marked generation of strong-acid sites occurs at P/ 
V atomic ratio = 1.0, while in the cases of the other catalysts, few or no strong-acid sites are 
generated. The oxidation activity for both n-butane and I-butene decreases greatly with the phos- 
phorus content, much as the catalytic activity does for a base-catalyzed reaction such as the 
dehydrogenation of ethanol, indicating that the activity is governed by basic or oxidizing sites, 
rather than by the acidic sites, not as in the cases of many other VZOrbased catalysts. The 
selectivity to maleic anhydride from I-butene is not affected by the method of preparation and 
steadily increases with the phosphorus content up to PN = 1.6. However, in the case of the 
oxidation of n-butane, the selectivity is greatly affected by the method of preparation and the 
composition. It is considered that the high selectivity is related to the generation of strong-acid 
sites. 0 1986 Academic Press, Inc. 

INTRODUCTION 

Maleic anhydride has traditionally been 
produced by the air oxidation of benzene. 
In recent years, though, as a more eco- 
nomic route, the oxidation of butene with 
VzOr-PzOs-based catalysts has been pro- 
posed (I). In addition to a great number of 
patents, scientific studies have also been re- 
ported on the oxidation of butene to maleic 
anhydride and the V20~P205 binary sys- 
tem (2-9). 

The VzOFP205-type catalysts seemed 
unsuitable for use in the oxidation of paraf- 
finic hydrocarbons because of their low oxi- 
dation activity. However, more recently, 
increasing attention has been given to the 
improvement of the V205-P20s catalysts so 
as to achieve a satisfactory performance 
even in the oxidation of paraffinic hydro- 
carbons (10, 22). 

A survey of the recent literature indicates 
that the performance of VZOrP205 cata- 
lysts in the oxidation of n-butane to maleic 
anhydride is greatly dependent on their 

method of preparation. However, it also 
seems interesting to note that catalysts with 
a higher phosphorus composition, P/V 
atomic ratio = ca. 1.6, are usually em- 
ployed for the oxidation of butene, while 
lower-phosphorus-content catalysts, P/V = 
1 .O to 1.2, have been proposed as being ef- 
fective for use in the oxidation of n-butane 
(11). 

The structure of the VZOFP~O~ binary 
system has been studied relatively well, 
and several phases, such as (VO)2P207 (6, 
8, 9), a-VOP04 (II), and /3*-phase (22), 
have been proposed as the active phase. 
We may be sure that the catalytic action is 
connected with the presence of a certain 
special phase. However, it has not yet fully 
explained why these phases exhibit a desir- 
able catalytic action. 

It is considered that such chemical prop- 
erties as redox and acid-base properties 
are more directly responsible for the cata- 
lytic action (1.3) and that these properties 
are enhanced or modified by the addition of 
phosphorus. 
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TABLE 1 

Preparation of VzOJ-P205 Catalysts 
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Designator Starting materials Reducing agent Medium Ref. 

Vanadium Phosphorus 

A NH.,V03 85% H3P04 None Hz0 2, 3, 8 
B vzo5 NH4H2P04 Oxalic acid H20 8 

C v205 85% H3P04 37% HCI H20 9 
D v205 85% H3P04 Lactic acid Lactic acid 12 
E v205 POClj POCI, THF” 14 
F v205 98% H3P04 C6HSCH20H Isobutanol I5 

D Tetrahydrofuran. 

In this work, the effects of the method of 
preparation and the P/V composition on the 
acid-base properties and the catalytic 
action for the oxidation of n-butane and I- 
butene were studied, and an attempt was 
made to ascertain how the oxidation activ- 
ity and selectivity can be related to the 
acid-base properties. 

EXPERIMENTAL 

Catalysts 

Catalysts were prepared by six methods 
described in earlier works. The methods 
are summarized in Table 1. The P/V means 
the atomic ratio bassing on the amounts of 
reactants used. The precursors were dried 
at 130°C for 6 h and then heated at 300°C for 
6 h. Thereafter, they were broken up and 
sieved to lo-20 mesh size. The calcination 
was performed at 450°C in a stream of air 
(ca. 1.5 vol/vol/min) for 6 h. 

Oxidation of n-Butane and I-Butene 

The reactions were carried out in an ordi- 
nary flow-type reaction system. The initial 
concentration of hydrocarbon was 2.2 
mol% in air, total flow rate (at 20°C) was 
280 ml/min (ca. 0.7 mol/h), and the amount 
of catalyst used was in the range of 0.3-30 
g. Usually, the data were taken at least 8 h 
after the start of the experiment. The reac- 
tor and the procedures were the same as 
those used in a previous work (16). 

Acidity Measurements 

NH3 adsorption. The acidity was mea- 
sured by means of the adsorption of NH3 
from the gas phase, using the static method. 
The technique of the measurements has 
been described in earlier papers (27-19). 

Catalytic activity for acid-catalyzed re- 
action. As measures of acidity of catalyst, 
the catalytic activities for two acid-cata- 
lyzed reactions such as dehydration of eth- 
anol to ethylene and isomerization of l-bu- 
tene to 2-butenes were measured (4, 28, 
19). The reactions were carried out in a flow 
reaction system. The initial concentrations 
of ethanol and I-butene were 1.6 and 1.2 
mol% in air, respectively. The total flow 
rate was kept constant at 400 ml/min (ca. 
1.0 mol/h) and the amount of catalyst used 
was 1.0 to 20 g. 

Basic@ Measurements 

SO2 adsorption. The amount of SO2 ad- 
sorbed was measured, using the static 
method (17-19). 

Catalytic activity for base-catalyzed re- 
action. As a model of base-catalyzed reac- 
tion, oxidative dehydrogenation of ethanol 
to acetaldehyde was used and the catalytic 
activity for this reaction was measured as 
an index of the basic property (4, 18, 19). 
The reaction conditions were the same as 
those used in the dehydration of ethanol. 
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TABLE 2 

Structure of the V205-P20s Catalysts 

Catalyst P/V atomic ratio 

0.8-0.9 1.0 1.1-1.2 1.6 2.0 

A p-VOPO, 
a-VOPOd 

B /3-VOPO4 

C Unknownb 
(Y-VOPO, 

D - 
E p-VOP0.J 

F - 

(u-VOPOd (r-VOP0.j Amorph” Amorph” 
pvoPo4 
p-VOPO4 Amorph” Amorph” Amorph” 
a-VOP04 
womo7 w%P*07 wohP2o7 WPO3h 
Unknownb 

(VOiiO7 
WM207 Amorph” - 
(VO)rPrO, Amorph” VO(PQ)* 

p-VOPOd 
- www7 wohw7 Amorph” 

D Amorph = amorphous. 
b Unknown = unknown phase. 
Note. References used for the identification; a-VOP04 (8) p-VOP04 (8, 20). 

(VO)J’@, (6, 81, VO(PO,)z (8, 21). 

Apparatus 

X-Ray powder analysis was carried out 
with a Rigaku Denki diffractometer using 
CuKa! radiation. 

Surface areas were measured by the BET 
method using nitrogen at - 196°C. 

RESULTS 

Structure 

The structures of the catalysts used in the 
oxidation of n-butane were determined by 
means of their X-ray diffraction patterns 
(Table 2). The structures are related to the 
content of phosphorus to a certain extent. 
The results may be summarized as follows: 

(i) The main structure is /3-VOPO4 at P/V 
= 0.8-0.9. 

(ii) (VO)ZPZO~ or a-VOP04 is observed at 
P/V values from 1.1 to 1.2. 

(iii0 Both /3-VOP04 and (VO)2P207 or 
a-VOP04 are observed in the range inter- 
mediate between the above two ranges, 
P/V = 1. 

(iv) The crystallinity decreases with the 
content of phosphorus at P/V > 1. 

(v) At P/V = 1.6, (VO)2P207 is the sole 
phase observed. 

(vi) At P/V = 2.0, the presence of 
VO(PO& is observed in some cases. 

Surface Area 

The effects of the composition and the 
method of preparation on the specific sur- 
face area were studied (Fig. 1). The V-P 
(E) and V-P (F) catalysts possess a high 
surface area, as has been stated in the pat- 
ents (24, 15). 
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FIG. 1. Surface area of the V20rP205 catalysts. 
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FIG. 2. Acidity of the V20J-Pz05 catalysts. 

Acidic Property 

The acidity (number of acidic sites) per 
unit of the surface areas of the catalysts, as 
determined by the amount of NH3 irrevers- 
ibly adsorbed at a pressure of about 300 mm 
Hg and 200°C is plotted as a function of the 
phosphorus content in Fig. 2. The acidity 
increases steadily with an increase in the 
phosphorus content up to about P/V = 1.6. 

As other measures of the acidic property, 
the catalytic activity for two acid-catalyzed 
reactions were obtained. Figure 3 shows 
the rate of the dehydration of ethanol to 
ethylene at 220°C r, (mol/h + m2 of cata- 
lyst). In the cases of the V-P (C), V-P (E), 
and V-P (F) catalysts, the activity sharply 
increases at P/V = 1.0 and then decreases 
with a further increase in the phosphorus 
content. On the other hand, in the cases of 
the V-P (A), V-P (B), and V-P (D) cata- 
lysts, the activity increases less sharply in 
the wide P/V range from 1.1 to 1.6. 

Figure 4 shows the rate of the isomeriza- 
tion of 1-butene to 2-butenes at 16O”C, c 
(mol/h * m* of catalyst). In the cases of the 
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I 
FIG. 3. Catalytic activity for dehydration of ethanol. 

the activity sharply increases at P/V = 1.0, 
much as in the case of the dehydration of 
ethanol (Fig. 3). However, in the cases of 
the V-P (A), V-P (B), and V-P (D) cata- 
lysts, the activity decreases a little with the 
phosphorus content in the P/V range from 
0.8 to 2.0. 
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FIG. 4. Catalytic activity for isomerization of bu- 
V-P (C), V-P (E), and V-P (F) catalysts, tene. 
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FIG. 5. Basicity of the V20J-P20S catalysts. 

Basic Property 

Since the amount of SO;? irreversibly ad- 
sorbed on the V~O~-PZO~ catalysts is too 
small to be measured, the amount of SO1 
reversibly adsorbed at 20°C was used as an 
index of the basicity. The basicity per unit 
of the surface area is plotted in Fig. 5. As 
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FIG. 6. Catalytic activity for oxidative dehydrogena- 
tion of ethanol. 

can be predicted, the basicity decreases 
with an increase in the phosphorus content. 

As another index of the basic property, 
the catalytic activity for oxidative dehydro- 
genation of ethanol was measured. Figure 6 
shows the rate at 200°C r, (mol/h * m* of 
catalyst). With an increase in the phos- 
phorus content, the activity decreases 
much more sharply than the basicity ob- 
tained by the SO2 adsorption (Fig. 5). 

Oxidation Activity 

The oxidation activity was studied for 
both n-butane and I-butene. The consump- 
tion of a reactant with a fixed amount (20.0 
m*) of the catalyst at 480°C (n-butane) and 
at 370°C (I-butene) is plotted as a function 
of the phosphorus content in Figs. 7 and 8. 

The oxidation activity for n-butane and 
that for l-butene decrease in a manner anal- 
ogous with the increase in the phosphorus 
content. The difference in the specific oxi- 
dation activity depending on the difference 
in the method of catalyst preparation is rel- 
atively small. 
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FIG. 7. Catalytic activity for oxidation of n-butane. 
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Atomic ratio P/V 

FIG. 8. Catalytic activity for oxidation of butene. 

Oxidation Selectivity 

The main products in the oxidation of n- 
butane were maleic anhydride and carbon 
oxides, and the amounts of the other prod- 
ucts were negligibly small. The selectivity 
to maleic anhydride at a fixed level (50%) 
of n-butane conversion was compared in 
Fig. 9. 

In the cases of the V-P (C), V-P (E), and 
V-P (F) catalysts, the selectivity sharply 
increases at P/V = 1 .O, attains a maximum 
at P/V = 1 .O to 1.2, and then decreases with 
a further increase in the phosphorus con- 
tent. On the other hand, in the cases of the 
V-P (A), V-P (B), and V-P (D) catalysts, 
the increase in the selectivity at P/V = 1.0 
is slight, but the selectivity steadily in- 
creases up to P/V = 2.0. 

Next, the selectivity in the oxidation of l- 
butene was studied. In this case, the 
amounts of the intermediate products, such 
as butadiene and furan, are so great that the 
estimation of the selectivity to maleic anhy- 
dride at a conversion of 50% is difficult. 
Therefore, the selectivity was compared at 
a high level of l-butene conversion, 99 to 
lOO%, where almost all of the intermediate 

products are consumed. As for the stability 
of maleic anhydride, it has been known that 
maleic anhydride is stable enough under the 
conditions used for the oxidation of butene 
(22) (Fig. 10). 

The selectivity steadily increases with 
the phosphorus content up to P/V = 1.6, 
and there no clear difference in the selectiv- 
ity depending on the difference in the 
method of catalyst preparation is observed. 

DISCUSSION 

As may be seen in Table 2, the structure 
is related to the phosphorus content, to a 
certain extent, but the effect of the method 
of catalyst preparation on the structure is 
still obscure. 

Since phosphorus oxide is an acidic ox- 
ide, it can easily be predicted that the acid- 
ity will increase and the basicity will de- 
crease with an increase in the phosphorus 
content. However, there exists a large dis- 
crepancy in the fashion of variation be- 
tween the values obtained by means of the 
adsorption method (Figs. 2 and 5) and those 
obtained by means of the catalytic activity 
(Figs. 3,4, and 6). This discrepancy may be 
caused by the variation in the acid- or base- 
strength, which cannot be measured by the 
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FIG. 9. Selectivity to maleic anhydride at a n-butane 
conversion of 50%. 
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FIG. 10. Selectivity to maleic anhydride at a butene 
conversion of 99 to 100%. 

adsorption method. Certainly, the acidity 
and basicity obtained by the adsorption 
method include a number of sites whose 
acid- or base-strength is too low to play a 
role in catalyzing the reactions. On the 
other hand, the values obtained by the cata- 
lytic activity can reflect the variation in the 
acid- or base-strength as well as in the num- 
ber of sites. 

In line with this thought, it can be said 
that, in the cases of the V-P (C), V-P (E), 
and V-P (F) catalysts, a marked generation 
of strong-acid sites occurs at P/V = 1 .O and 
that the acid strength decreases gradually 
with a further increase in the phosphorus 
content. On the other hand, in the cases of 
the V-P (A), V-P (B), and V-P (D) cata- 
lysts, there is little or no generation of 
strong-acid sites. 

As for the basic property, the values ob- 
tained by the catalytic activity (Fig. 6) de- 
crease much more sharply than those ob- 
tained by the SO* adsorption (Fig. 5). This 
may be caused by the decrease in the base 
strength with an increase in the phosphorus 
content. 

The oxidation activity for both n-butane 
(Fig. 7) and l-butene (Fig. 8) decrease 

greatly with the phosphorus content, much 
as does the activity for the oxidative dehy- 
drogenation of ethanol (Fig. 6), but unlike 
the acidic property (Figs. 2, 3, and 4). This 
indicates that the oxidation activity is gov- 
erned by the basic property, which is re- 
lated to the oxidizing function of the cata- 
lyst (13) and that the oxidation activity is 
independent of the acidic property, unlike 
the cases of many other Vz05-based mixed 
oxides, such as Vz05-Moo3 (23), V205- 
TiOz (24), VzOj-SnOz (17), V205-Fe203 
(19), and V205-Co304 (25). 

Possibly, the basic sites, especially the 
sites of stronger bases, are preferentially 
extinguished by addition of a large amount 
of phosphorus, and, as a result, the V205- 
P205 catalysts are deficient in basic prop- 
erty to catalyze the oxidation reactions. 
Therefore, the rate of oxidation is con- 
trolled by the action of the basic or oxida- 
tion sites rather than by the activation of 
hydrocarbon on acidic sites (13). This may 
be the main difference between the V20s 
PZOS catalysts and the other VzOs-based ox- 
ides. 

It should also be noted that the effect of 
the method of catalyst preparation on the 
specific oxidation activity (activity per unit 
of surface area) is relatively small. In addi- 
tion, it seems difficult to connect the oxida- 
tion activity with the presence of a special 
phase. 

As may be seen in Fig. 10, the selectivity 
in the oxidation of I-butene to maleic anhy- 
dride is scarcely affected by the difference 
in the method of catalyst preparation, and it 
steadily increases with the phosphorus con- 
tent up to P/V = 1.6. These results are con- 
sistent with those obtained in earlier studies 
(8, 22). It has been proposed that the addi- 
tion of phosphorus plays a role in extin- 
guishing the basic sites which promote the 
oxidative dehydrogenation of 2-butanol 
and, accordingly, conducts the reaction 
into a side pathway as follows (16, 26): 

GHs * CZHSCH(OH)CH~ -+ 
CZHSCOCH~ + 2 CH,COOH 



I- selectivity in the oxidation of n-butane is 
3 

PIV=I.2 [El related to the generation of strong-acid 

60 - 
sites. Indeed, it has been proposed that the 

2 activation of a reactant molecule, which is 
z _ attributed to an acid-base-type interaction 

between catalyst and reactant, is one of the 
P/V=I.I [A] necessary conditions for a selective oxida- 

tion (13). Possibly, the presence of strong- 
acid sites is required to activate n-butane, 
because paraffinic hydrocarbons are defi- 
cient in their affinity with the catalyst. This 

,Y 
view is supported by the fact that 12-molyb- 
dophosphoric acid (H3PMo12040)-based cat- 
alysts, which possess strong-acid sites, also 

1 I I I 

20 40 60 80 100 exhibit a high selectivity in the oxidation of 
Conversion of n-buiane P/J n-butane to maleic anhydride (27). 

FIG. 11. Selectivity to maleic anhydride as a func- 
It should be noted that the activity and 

tion of the conversion of n-butane. 
the selectivity are not always controlled by 
the same factor. In the case of the oxidation 
of n-butane with V205-P205 catalysts, for 

However, in the case of the oxidation of example, the activity is controlled by the 
n-butane, the situation is not the same; that basic or oxidizing function, while the selec- 
is, the selectivity depends greatly on the tivity is controlled by the acidic property. 
method of catalyst preparation and the This may be the reason why lower-phos- 
composition (Fig. 9). phorus catalysts are used for the oxidation 

Since the conditions required for the oxi- of n-butane. 
dation of n-butane are much more severe On the other hand, in the case of the oxi- 
than those for the oxidation of I-butene, the dation of butene, the selectivity is more im- 
effect of the consecutive degradation of the portant than the activity, for olefins are 
maleic anhydride thus produced on the se- much more reactive than paraffins. There- 
lectivity was examined for the P/V = 1.2 fore, the higher-phosphorus catalysts, 
(E), P/V = 0.9 (E), and P/V = 1.1 (A) cata- which possess the highest selectivity (Fig. 
lysts (Fig. 11). As may be seen in Fig. 11, IO), are chosen. 
the variation in the selectivity with the in- The generation of strong-acid sites ap- 
crease in the conversion is small, indicating pears to be connected with the presence of 
that consecutive degradation is not a factor the (VO)ZP~O~ phase, as has been stated by 
deciding the selectivity. Schneider (14), but further quantitative 
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