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Partial Oxidation of 1,3-Butadiene on V205/A1203/AI-Coated Catalysts: 
Effects of Pore Lengths on Product Selectivities 
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Partial oxidation of 1,3-butadiene has been carried out on V205/A1202/AI-coated catalysts. These 
catalysts are characterized by uniform pore textures; i.c., the catalysts have unbranched pores, 
which are vertical to the AlzOr surface. The pore lengths and the pore diameters can be preselected 
by the method of preparation, but in a given catalyst all pores have the same length and the same 
diameter. For the present study three catalysts having pore lengths of 75, 11, and 2.5 pm have been 
used. The pore diameter was in the range of IS to 20 nm for the three catalysts. The activity for the 
catalysts is only dependent on the amount of VzOs but independent of the pore lengths. By contrast, 
the selectivity to the sum of organic products as well as to individual organic products is markedly 
dependent on the pore Icngth. Products which occur in an early stage of the multistep oxidation 
reaction are favored by short pores, products which occur in an intermediate stage are favored 
by intermediate pore lengths, and products which occur in a late stage are favored by long pores. 

INTRODUCTION 

In consecutive reactions like hydrocar- 
bon oxidations, one of the major goals is to 
maximize the selectivity to a desired prod- 
uct. Such efforts have led to the develop- 
ment of coated catalysts. Due to the limited 
coat thickness the diffusion pathways of 
molecules in such coated catalysis are also 
limited and, as a consequence, selectivities 
to desired products could be increased in a 
number of cases (1-4). 

The first theoretical treatment of the cor- 
relation between pore texture and selectiv- 
ity in heterogeneously catalyzed consecu- 
tive reactions has been advanced by 
Wheeler, who found that larger pores 
should lead to higher selectivities (5). This 
has been subsequently confirmed by a num- 
ber of authors, not only by theoretical con- 
siderations but also by correlations be- 
tween experimental and calculated data (2, 
4, 6, 7). It is, however, a common feature 
of all of the previous investigations con- 
cerning this problem that the authors uti- 
lized characteristic pore lengths which are 
idealized and cannot reflect the true pore 

systems. The irregular pore textures of real 
catalysts encompass different pore diame- 
ters, different pore lengths, and more or 
less branched pore systems. Hence, a rigor- 
ous experimental test concerning the effect 
of the pore diameter and/or pore length of a 
real catalyst upon the selectivity could not 
be conducted. 

By contrast, it was shown by us in pre- 
vious work that the anodic oxidation of 
aluminum wire in aqueous acidic media 
affords a coated Alz03/Al-species with a 
regular pore texture. In particular, all pores 
of a given catalyst have the same lengths, 
are unbranched, and are vertical to the sur- 
face (8). More recently, a V~Oj/Al~O~/Al- 
coated catalyst has been prepared by im- 
pregnation of such Alz03/Al-species (9), 
and this catalyst has been shown to exhibit 
high selectivity in the oxidation of 1,3-buta- 
diene (IO). Since by anodic oxidation of 
aluminum wire the thickness of the AlzOj- 
coat and, hence, the pore length can be pre- 
selected at will within wide boundaries, this 
catalyst system lends itself ideally to a true 
test of the correlation between selectivity 
and pore length. 
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In the following we describe the oxida- 
tion of 1,3-butadiene on three V205/A120S/ 
Al-coated catalysts having different pore 
lengths (Table 1) in an attempt to show pos- 
sible influences of the pore lengths upon ac- 
tivity and selectivity. 

EXPERIMENTAL 

Catalysts. By a previously published pro- 
cedure, three V205/A1203/Al-coated cata- 
lysts have been prepared (9). Owing to the 
specific method of preparation, these cata- 
lysts have uniform pore textures and differ 
only in the pore lengths and in the vana- 
dium content (Table 1). 

Catalytic measurements. The oxidation 
reactions were carried out in a conventional 
flow apparatus using a fixed-bed reactor. 
The apparatus and the analytical methods 
have been described in a previous paper 
(9). In all experiments a constant tempera- 
ture of 593 K and a constant feed ratio of 
0.5 ~01% butadiene in air was applied. The 
space velocities varied in the range of (1.3- 
12) x lo3 h-’ (STP). 

RESULTS AND DISCUSSION 

Activity measurements. In the first phase 
of the investigation, the activities of the 
three V205/A1203/A1-coated catalysts were 
determined by measuring the conversion of 
1,3-butadiene at constant temperature and 
a constant ratio of butadiene to air and at 
changing space velocities. A prerequisite 

TABLE 1 

Data of Vz051AlzO~/Al-Coated Catalysts” (9) 

Catalyst Pore Specific 
length surface 
(w-4 area (BET) 

Wk) 

1 75 3.46 
2 11 0.82 
3 2.5 0.13 

(1 Pore diameters: 15-20 nm. 
b Related to the mass of alumina. 
c Maximum value. 

Average 
vanadium 
contentb 
(wt%) 

2 
4 
3” 

for the application of this method for the 
comparison of activities is the complete uti- 
lization of the entire catalyst in the oxida- 
tion reaction, i.e., an effectiveness factor of 
unity for each catalyst applied. Due to the 
specific nature of the coated catalysts, the 
usual criteria for an effectiveness factor of 
unity, viz., identical conversion levels at 
the original and the crushed catalyst, could 
not be applied. Therefore, the following 
procedure was used for assessing the effec- 
tiveness factor: Butadiene was oxidized at 
the catalyst 1 which has the longest pore 
length at 593 K and at varying space veloci- 
ties. Using a space velocity of 1500 h-l 
(STP) a conversion C of 95% was obtained. 
On the basis of these experimental data, the 
rate constant k of the reaction was calcu- 
lated to 4.6 s-l by Eq. (1) and by assuming a 
first-order reaction: 

1 
In l-c = k . t. (1) 

Using the above value for k and an effec- 
tive diffusion coefficient &of 0.2 cm sM2, a 
Thiele modulus (o of 0.12 and an effective- 
ness factor 71 of 0.99 (Eq. (2)) were calcu- 
lated for a rod-shaped bulk catalyst having 
the same dimensions as the three V20s/ 
A1203/Al-coated catalysts applied in this 
study: 

tanh cp 
r)=------ 

v 
(2) 

It was concluded from these results that 
the coated catalysts have effectiveness fac- 
tors of unity, since their pores are 10 to lo2 
times shorter than the characteristic length 
of the bulk catalyst upon which the calcula- 
tion of the effectiveness factor has been 
based. 

The above results show that the prerequi- 
sites for a comparative study of the activi- 
ties of the three V205/A1203/A1-coated cata- 
lysts 1-3 were fulfilled. Therefore, the 
activities of the three V205/A1203/A1-coated 
catalysts have been determined. Figure 1 
shows plots of conversion vs the modified 
residence time 7, (T, = W/F) at a constant 
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FIG. 1. Conversion vs modified residence time 7, in 
the oxidation of 1,3-butadiene on V205/A120~IAI- 
coated catalysts; pore lengths: 75 pm (cat. I), 11 pm 
(cat. 2). 2.5 pm (cat. 3). 

temperature at 593 K. As expected, the 
conversion increased for each catalyst with 
increasing residence time. Furthermore, 
there were marked differences between the 
activities of the three catalysts in the se- 
quence cat. 1 > cat. 2 > cat. 3; i.e., the 
catalyst with the largest pores showed the 
highest activity, and the catalyst with the 
shortest pores showed the lowest activity. 
A priori, these differences in activity could 
have been caused by different specific sur- 
face areas and/or by different average vana- 
dium content and/or different ratios of cata- 

lytic active vanadium surface area to mass 
of vanadium of the three catalysts. In order 
to identify the true cause(s), the differences 
in the BET surface among the three cata- 
lysts were eliminated by plotting the butadi- 
ene conversion vs the modified residence 
time r,, which is obtained by multiplying r,,, 
by the BET surface areas of the individual 
catalysts. This resulted in the curves de- 
picted in the Fig. 2. Evidently, the activity 
sequence of the catalyst is now reversed to 
cat. 3 > cat. 2 > cat. 1; i.e., the catalyst 
with the shortest pores shows the highest 
activity and the catalyst with the longest 
pores shows the lowest activity. A priori, 
this could be caused by different average 
vanadium content and/or by different ratios 
of catalytically active vanadium surface 
area to mass of vanadium in the three cata- 
lysts. In order to differentiate between 
these causes, the differences in the average 
vanadium content were eliminated by plot- 
ting the butadiene conversion vs the modi- 
fied residence time T,, which is obtained by 
multiplying r, by the specific vanadium con- 
tent of the individual catalysts. The specific 
vanadium content of a catalyst is obtained 
by multiplying its average vanadium con- 
tent by the mass of AlzOi and dividing the 
product by the BET surface area. Since the 
vanadium contents were determined by mi- 
croprobe analyses, average values could 

OI b 6 6 10 12 IL 16 
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FIG. 2. Conversion vs modified residence time 7, in the oxidation of 1,3-butadiene on 
coated catalysts; pore lengths: 75 pm (cat. l), 11 pm (cat. 2), 2.5 pm (cat. 3). 
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FIG. 3. Conversion vs modified residence time T, (s 
ml-‘) in the oxidation of 1,3-butadiene on VzOJA1203/ 
Al-coated catalysts; pore lengths: 75 pm (cat. l), 11 
pm (cat. 2). 

only be obtained for catalysts 1 and 2, 
which have intermediate and large A&O3 
coats, whereas analysis of catalyst 3 gave 
only a maximum, but no average value. As 
a consequence, rV values could only be reli- 
ably calculated for catalysts 1 and 2; they 
amounted to 0.62 and 1.22 rnm2, respec- 
tively . 

Figure 3 shows the correlation between 
conversion and modified residence time T, 
for catalysts 1 and 2. It is obvious that the 
two curves coincide completely up to a 
conversion of 60% and that they nearly co- 
incide at conversions between 60 and 
100%. It is concluded from this result that 
the ratio of the catalytically active vana- 
dium surface area to the mass of vanadium 

g - CH - 0 
0 

1 2 

is nearly identical for the two catalysts. It 
can be further concluded that the activity of 
the catalysts is only dependent on the vana- 
dium content, which is related to the modi- 
fied residence time rV. 

Selectivity measurements. In the second 
phase of the investigation, the selectivities 
to the sum of organic products and to es- 
sential individual organic products at the 
three catalysts have been determined. 

Figure 4 shows a plot of the overall selec- 
tivity to organic products vs conversion. It 
is evident that over the entire range of con- 
versions the selectivity sequence is cat. 3 > 
cat. 2 > cat. 1; i.e., the catalyst with the 
shortest pores provides the highest selec- 
tivity, and the catalyst with the longest 
pores provides the lowest selectivity. Fur- 
thermore, the selectivities decrease moder- 
ately with increasing conversions in the 
range of 15 to 90% and considerably at con- 
versions above 90%. Crotonaldehyde (l), 
butenedial (2), maleic anhydride (3), and 
phthalic anhydride (4) have been selected 
for the measurement of the selectivity of 
individual organic products, because it had 
been shown in a preceding study, that the 
former two compounds are the single most 
important intermediate and the latter two 
compounds are the only essential final or- 
ganic products (9). On the basis of these 
previous results, the oxidation of 1,3-buta- 
diene was assumed to proceed by the fol- 
lowing reaction sequence: 

-+L&o 

0 0 

3 c 
SCHEME I 

Figure 5 shows the selectivities for prod- lyst pore lengths. Apparently, the selectiv- 
ucts 1 to 4 vs conversion in the oxidation on ity to crotonaldehyde (1) is not influenced 
the three different catalysts. It is evident by the pore lengths and the selectivity 
that the selectivities to these products ex- drops with increasing conversion from ap- 
perience different influences from the cata- proximately 8% to nearly 0% for the three 
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FIG. 4. Overall selectivity to organic products vs 
conversion in the oxidation of 1,3-butadiene on V205/ 
Al,O,/Al-coated catalysts; pore lengths: 75 ym (cat. 
l), 11 pm (cat. 2) and 2.5 pm (cat. 3). 

catalysts. By contrast, the selectivity to bu- 
tenedial (2) is markedly influenced by the 
catalyst pore lengths in the sequence cat. 3 
> cat. 2 > cat. 1; i.e., the catalyst with the 
shortest pores provides the highest selec- 
tivity, and the catalyst with the longest 
pores provides the lowest selectivity. Fur- 
thermore, all selectivity curves exhibit 
maxima at low conversions of ca. 30%. The 
selectivity curves for maleic anhydride (3) 
show a different behavior. In this case, the 
selectivity sequence is cat. 2 > cat. 3 > cat. 
1; i.e., the catalyst with the intermediate 
pore length provides the highest selectivity, 
whereas both the catalyst with the shortest 
and the one with the longest pores provide 
lower selectivities. Furthermore, the selec- 
tivities increase for all catalysts over the 
entire range of conversions from 15 to ca. 
90% and show a moderate decrease at con- 
versions above 90%. Finally, the selectivi- 
ties to phthalic anhydride (4) are also de- 
pendent on the catalyst pore lengths. In 
contrast to maleic anhydride, however, the 
selectivity sequence is cat. 1 > cat. 2 > cat. 
3; i.e., the catalyst with the longest pores 
provides the highest selectivity, and the 
catalyst with the shortest pores provides 
the lowest selectivity. Furthermore, the se- 

lectivity curves show a decline toward 
higher conversions and the curve for cata- 
lyst 1 shows a maximum value at approxi- 
mately 40% conversion. 

An attempt at explaining the above ex- 
perimental results has been made by the fol- 
lowing considerations: Due to our unique 
catalyst system, which has pores of uni- 
form lengths, the characteristic length L in 
the Thiele equation can now be substituted 
by the real pore length lp. Furthermore, 
since the effectiveness factor has been de- 
termined to be 1) = 1, the Thiele modulus 
must be cp 2 1. These considerations lead to 
a modified Thiele Eq. (3) and to its square, 
J.%. (4), 

Further modification of Eq. (4) by rR = kP1 
and rn = lp2 . 0;; leads to Eq. (5): 

TR 

In this equation, 7n is the time constant of 
diffusion, which is equal to the probable in- 
trinsic residence time, and ra is the time 
constant of reaction, which is equal to the 
probable lifetime of a molecule in the cata- 
lyst pore (7). From the definitions of TR and 
rn it follows that for constant reaction con- 
ditions, i.e., for k = const and Defi = const, 
rR is constant and rn is only dependent on 
the pore length lp. It can be further con- 
cluded, that the pore length lp can vary in 
the range of the validity of Eq. (5) without a 
drop of the effectiveness factor. This means 
that there is no mass transport limitation by 
pore diffusion and that, hence, different in- 
trinsic residence times result exclusively 
from different pore lengths. 

On the basis of the above considerations 
we propose the following explanation for 
the dependence of the product selectivity 
on the pore length of a consecutive reaction 
of type A + B -+ C (Fig. 6). 



24 D. HGNICKE 

cat. 
lo- l 1 

a 
a. 0 2 

6- O 3 
L 

T = 593K 
. 

0 2- TN. 0 

0 -a 

12 

10 

a 

6 

4 

2 

0 

0 20 40 60 60 

conversion I %) 

FIG. 5. Product selectivities vs conversion in the oxidation of 1,3-butadiene on VzOs/A1209/A1- 
coated catalysts; pore lengths: 75 ,um (cat. I), 11 pm (cat. 2) and 2.5 km (cat. 3). 

In the first step, substrate A is converted 
into the intermediate B both in a short pore 
with the length lpi and in a long pore with 
the length 1~~. In the short pore (1~1) no 
further reaction of B takes place due to its 
limited residence time, which is shorter 
than the probable lifetime. Therefore, B mi- 
grates out of the pore into the gas bulk 
phase. In the long pore (lp2), by contrast, 
intermediate B is converted to the final 
product C due to the enhanced intrinsic res- 
idence time of B, which is now longer than 

its probable lifetime. This is, of course, an 
idealized representation of the true situa- 
tion. For, in real consecutive reactions, 
such as selective oxidations of hydrocar- 
bons, intermediate B can be also in part 
converted into C in short pores and, fur- 
thermore, there are in most cases several 
intermediates B,, . . . , B, formed on the 
way from A -+ C. 

In the light of the foregoing discussion 
the correlations between selectivity and 
pore lengths depicted in Fig. 5 can be ra- 
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FIG. 6. Schematic representation of consecutive re- 
actions in catalysts of different pore lengths; lp, , lp,: 
pore lengths, A: educt, B: intermediate product, C: 
final product. 

tionalized in the following way: The selec- 
tivity to crotonaldehyde as the primarily 
formed product is independent of the pore 
length, possibly due to the uniform and rel- 
atively high concentration of the substrate 
butadiene in the pores of any length. The 
selectivity to butenedial reaches maximum 
values at the catalyst, having the shortest 
pores, since in this case a relatively high 
proportion of butenedial leaves the pore 
prior to further oxidation. Conversely, the 
selectivity to butenedial in the catalysts 
with longer pores decreases due to en- 
hanced further oxidation to maleic anhy- 
dride. The selectivity to maleic anhydride 
reaches maximum values at the catalyst 
having an intermediate pore length, since at 
the catalyst with the shortest pores a con- 
siderable part of the precursor butenedial 
leaves the catalyst prior to further oxida- 
tion and since at the catalyst with the lon- 
gest pores a considerable part of maleic 
anhydride undergoes subsequent reaction 
with butadiene to give phthalic anhydride. 

The selectivity to phthalic anhydride, fi- 
nally, reaches maximum values at the cata- 
lyst having the longest pores, due to the 
extended intrinsic residence times, which 
are necessary for this multistep reaction. 

In summary, the present investigation 
has shown that in the oxidation of 1,3-buta- 
diene the overall selectivity to organic 
products is markedly influenced by the cat- 
alyst pore length. It appears, furthermore, 
that there exists an optimum pore length for 
the selective formation of individual or- 
ganic products in the sense that, in the 
multistep oxidation of butadiene, products 
which occur early in the reaction sequence 
are favored by short pores, products which 
occur in the middle of the reaction se- 
quence are formed by pores of intermediate 
lengths, and products which occur at the 
end of the reaction sequence are favored by 
long pores. 
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