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Adsorption states of I-butene, 1,3-butadiene, furan, maleic anhydride, and 2,5H-furanone on an 
alumina-supported V205-P205 catalyst were investigated by infrared spectroscopy. Measurements 
were carried out at temperatures between 373 and 423 K. Within this temperature range oxidation 
of the primarily formed adsorbates was mostly negligible. Maleic anhydride was also adsorbed up 
to 573 K. 1-Butene adsorbed at 373 K forms two different r complexes; the formation of carboxyl- 
ates can be neglected. 1,3-Butadiene seems to be adsorbed in two different states on the catalyst at 
423 K: both C=C double bonds form (a) a m complex with the surface and (b) a 1,4 addition 
complex via (T bonds. Furan adsorbs by forming an addition complex via the 2-position of the ring; 
this complex undergoes reaction at 403 K. 2,5H-Furanone forms another 2-furanone complex by 
abstraction of an allylic hydrogen, which then reacts to 4-oxo-2-butenoic acid under oxidative 
conditions. Maleic anhydride forms a maleate structure with the surface, but physisorbed maleic 
anhydride is also found even al elevated temperatures. 0 1988 Academic Press, Inc. 

INTRODUCTION 

Catalysts for commercial 1-butene oxida- 
tion to maleic anhydride (MA) are usually 
based on vanadium, molybdenum, or tung- 
sten oxide along with P205. In this multi- 
step reaction many intermediates and side 
products are formed: selectivity usually 
amounts to 50 to 60 mol%. Intermediates of 
the reaction desorbed into the gas phase 
have been determined by several authors 
[e.g., (l-3)], but there is little information 
on the intermediates adsorbed on the cata- 
lyst surface. Increased knowledge about 
the interaction of the reactants with the cat- 
alytic surface may lead to a better under- 
standing of the reaction mechanism and to 
the development of better catalysts. 

I-Butene is oxidized to MA via 1,3-buta- 
diene and furan (I-5). Other postulated in- 
termediates are 2-butenaldehyde (1, 3-5) 
and 2-butenoic acid and 2,5H-furanone 
(3S); 2,5 H-furanone, which was not found 

in the gas phase, is considered as a direct 
precursor of MA. Side reactions result in 
the formation of acids (e.g., acetic acid, 
acrylic acid), aldehydes (e.g., acrolein), 
and ketones (e.g., 2-butanone). 1-Butene 
also isomerizes to cis- or truns-Zbutene al- 
ready at low temperatures; rates of isomeri- 
zation are higher than those of oxidation. It 
is assumed that both reactions take place 
via an intermediate n-ally1 complex (6). 
Similarly, a r-ally1 complex has been found 
by Dent and Kokes (7) by infrared spec- 
troscopy; in the adsorption of propene and 
butene on zinc oxide the frequency of the 
C=C double bond was shifted by about 100 
cm-l to lower values. 1-Butene may also 
form T complexes upon adsorption on ox- 
ide surfaces; their infrared spectra have 
been characterized by Burfield (8). Fijrster 
and Seelemann (9) observed two different 
C=C bands for T complexes when adsorb- 
ing 1-butene on A-type zeolites depending 
on the site of adsorption. Following the ad- 
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sorption of olefins, Gerei et al. (10) and 
Rozhkova et al. (II, 12) found carboxyl- 
ates on catalysts that favored total oxida- 
tion and n complexes on catalysts that fa- 
vored partial oxidation. 

Intermediates of the oxidation of furan to 
MA have been studied by Jove1 and Shi- 
manskaya (13) and by Rivasseau et al. 
(14). Jove1 and Shimanskaya adsorbed and 
oxidized furan on a V205/Mg0 catalyst. 
They assigned a certain group of bands to a 
succinate structure as an intermediate to- 
ward MA. Sathyanarayana and Pate1 (15) 
found similar bands for vanadyl maleate di- 
hydrate, and a similar intermediate struc- 
ture seems possible from the results given 
by Jove1 and Shimanskaya. Rivasseau et al. 
(14) could not identify any adsorbate struc- 
tures on molybdenum-titanium oxide from 
their IR spectra. From temperature-pro- 
grammed desorption, however, a compo- 
nent of mass 82 was found, which they at- 
tributed to acetylene dialdehyde. Weiss 
(16) suggested an addition complex be- 
tween the catalyst and the carbon atom 
next to the oxygen in the furan ring. 

The absorption bands of 1-butene,l,3-bu- 
tadiene, 2-butenaldehyde, 2-butenoic acid, 
furan, and MA, which may be adsorbates 
formed in butene oxidation, are listed in Ta- 
ble 1. It is obvious that difficulties may arise 
in assigning bands to a single compound. 
The situation may be even more compli- 
cated by band shift due to adsorption. 
2-Butenaldehyde and 2-butenoic acid are 
especially difficult to distinguish from each 
other: their strongest bands, which result 
from the car-bony1 group, are only about 10 
cm-’ apart, and it is impossible to discrimi- 
nate with certainty between the two com- 
pounds. 

For multistep reactions the concurrent 
formation of many different surface com- 
pounds may occur, and their discrimination 
is usually not possible. In these circum- 
stances it is necessary to restrict the inves- 
tigation to selected steps of the reaction 
network. 

The present study was aimed at obtaining 

more detailed information on the processes 
occurring on the surface of alumina-sup- 
ported V205-P205. For this purpose the ad- 
sorption of I-butene as the reactant and of 
MA as the desired product, as well as of 
several gas-phase intermediates of the oxi- 
dation reaction, i.e., 1,3-butadiene, furan, 
and 2,5Z+furanone, was investigated. To 
untangle the complex reaction system, ad- 
sorption was first carried out under condi- 
tions where predominantly only adsorptive 
interaction occurred between adsorbate 
and catalyst, but no significant further oxi- 
dation of the primarily formed complexes 
took place. This is the subject of the 
present paper (Part I); surface adsorbates 
under reactive conditions will be dealt with 
in Part II (in preparation), For assigning the 
absorption bands to individual surface spe- 
cies, the process of adsorption, i.e., the de- 
velopment of surface structures with time, 
was also observed. Results of adsorption at 
higher temperatures leading to further oxi- 
dation of the adsorbates in the presence of 
oxygen or by the catalyst itself will be dis- 
cussed in a subsequent paper. 

EXPERIMENTAL 

Infrared spectroscopy is a well-known 
tool for investigating adsorbate interaction 
with the catalyst under reaction conditions 
(23, 24). Sample thicknesses of 10 to 40 mg 
cmv2 usually enable good adsorbate spectra 
to be obtained over a wide wavenumber 
range (25). Obtaining adsorbate spectra in 
the presence of gaseous compounds re- 
quires compensation for the latter by pass- 
ing the IR reference beam and the gas 
through a cell that has the same geometry 
as the one containing the catalyst speci- 
men; in the present study this compensa- 
tion was experimentally verified. Two in- 
frared cells, as described by Gallei and 
Stolz (26), were incorporated into a 
Perkin-Elmer 580 A spectrometer. IR 
transmission values of catalyst plus adsor- 
bate were registered at constant wavenum- 
ber intervals by means of a minicomputer. 
The adsorbate spectrum was then obtained 
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TABLE 1 

Absorption Frequencies (cm-‘) of Main Reactants in the Oxidation of I-Butene 
to Maleic Anhydride 

Butadiene 2-Butenaldehyde 2-Butenoic acid Furan 25 H-Furanone Maleic anhydride 
(17) (18) (19) (20) (20 (22) 

3167 w 3180 w 
3161 m 
3140 w 
3129 m 3123 w 

3100 w 
2980 s 

2956 m 
2940 m 

2928 sh 2933 m 
2892 m 

2797 w 2793 s 
2712 s 

1821 s 
1767 w 

1687 vs 
1637 s 

1592 vs 

1497 w 
1437 w 1441 s 

1390 s 
1377 m 1374 s 

1303 m 
1292 w 
1280 VW 

2650 w 

1698 vs 
1655 s 

1446 s 
1420 m 

1375 m 
1310 s 
1285 sh 

1225 s 

2940 w 

2880 w 

1775 s 
1745 s 

1855 m 
1780 s 

1605 m 1592 m 
1556 s 
1491 s 

1450 m 

1384 s 

1267 w 1266 s 
1240 s 

Note. Very weak bands are not listed. Data given correspond to gaseous 1,3-butadiene, to solid 
maleic anhydride, and to the liquid state of all other compounds. 

by dividing the transmission values of cata- 
lyst plus adsorbate by the respective values 
of the clean catalyst. One drawback of the 
method is that the adsorbate spectra are 
overlapped by spectral changes of the cata- 
lyst itself, resulting from its interaction with 
the adsorbate; this secondary effect cannot 
be eliminated. 

To decide whether different bands were 
to be assigned to the same compound, their 
extinctions obtained at different times were 
compared with one another. If their ratio 

was constant at different times, the IR 
bands were considered to belong to the 
same compound. For adsorbate structure 
identification the IR bands were compared 
with the spectra of pure compounds similar 
to expected adsorbate structures. 

The alumina-supported VzOS/P20s cata- 
lyst was prepared by impregnation after 
Kerr (27). V205 was dissolved in a solution 
of oxalic acid forming vanadium(IV) oxa- 
late. Phosphoric acid was then added to the 
solution. The P/V atomic ratio was 1.2/l. 
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Solid y-alumina (Alon C from Degussa) and 
the solution were mixed to obtain 10 wt% 
vanadium and phosphorus oxide on 90% 
alumina. The solution was evaporated and 
the residue was dried at 393 K and then 
held at 573 K for 2 days. The powder was 
pressed into 13-mm disks of about 26 mg. 
For IR measurements a disk was inserted in 
the cell and heated to 723 K in situ in air 
until a steady-state spectrum was obtained. 
The BET surface area after this pretreat- 
ment was 66 m*/g. Nitrogen or air (for ma- 
leic anhydride) was used as carrier gas for 
the gaseous organic compounds to be ad- 
sorbed (the following concentrations were 
applied at total pressure of 1 bar: 0.8 ~01% 
butene, 0.01 ~01% MA, 0.01 ~01% 2,5H- 
furanone, 0.4-2 ~01% furan). At a chosen 
temperature the spectrum of the clean cata- 
lyst was registered. Then the adsorbate was 
added to the carrier gas. Gaseous com- 
pounds were fed via capillary flowmeters, 
while fluids were added by a saturator with 
reflux. Adsorbate formation lasted several 
hours; therefore, adsorbate spectra corre- 
sponding to different amounts adsorbed 
were registered as a function of time. The 
purity of the adsorbed compounds was 98% 
for 2,5H-furanone and better than 99% for 
I-butene, 1,3-butadiene, furan, and maleic 
anhydride. 

RESULTS AND DISCUSSION 

General Observations 

All adsorbate spectra showed negative 
bands at 3780-3790, 3730, and 3670 cm-’ 
and a broad absorption band between 3470 
and 3540 cm-‘. The negative bands are at 
positions of catalyst hydroxyl bands; this is 
an indication of interaction between the ad- 
sorbate and the hydroxy groups on the sur- 
face. The broadband that results from 
bridged hydroxy groups originates from the 
shift in the unperturbed hydroxy groups of 
the catalyst with adsorption. The shift of 
the hydroxyl bands depends on the adsor- 
bate. It cannot be decided whether addi- 
tional hydroxy groups are formed during 

adsorption since the extinction coefficient 
of the hydroxy groups increases with the 
formation of bridged hydrogen bonds (28). 

Adsorption of I-Butene 

The adsorbate spectrum of I-butene (Fig. 
1) shows the negative hydroxy bands and 
the broad, positive hydroxy band that were 
mentioned above. C-H bonds can be as- 
signed to wavenumbers at 2980, 2930, and 
2880 cm-i, the intensity ratio of the bands 
at 2930 and 2880 cm-i being about 1.5. Ac- 
cording to Francis (29), this implies that the 
concentrations of CH3 and CH2 groups are 
nearly the same. Thus, it may be concluded 
that the ethyl group of l-butene is pre- 
served, and therefore only very little 2-bu- 
tene formed by isomerization may be ad- 
sorbed on the catalyst. Olefinic C-H bands 
above 3000 cm-i could not be detected. 

Below 2000 cm-i further bands were ob- 
served at 1680, 1625, 1595, 1465, 1385, and 
1335 cm-i. All bands are of similar inten- 
sity. The bands at 1465, 1385, and 1335 
cm-’ can be assigned to deformations of hy- 
drocarbons, while the other three bands 
(1680, 1625,1595 cm-‘) are in a range where 
C=C as well as C=O bonds absorb. [Ke- 
tones absorb at 1680 cm-l; Rozhkova et al. 
(22) found a band in this region when ad- 
sorbing methyl vinyl ketone and I-butene 
on a silica-supported V205/P205 catalyst. 
They assigned this band to methyl vinyl ke- 
tone; however, another band arises in the 
same position when maleic anhydride and 
1,3-butadiene are adsorbed; for maleic an- 
hydride the formation of methyl vinyl ke- 
tone can be excluded.] 

The band of gaseous I-butene (1645 
cm-‘) is most probably shifted to lower val- 
ues due to adsorbate/catalyst interaction. 
This agrees with the observations of 
Fiirster and Seelemann (9) who found 
bands of 1-butene physisorbed on different 
Na-, Li-, and Ca-A zeolites in the region 
1635 to 1627 cm-i. r complexes of 1-butene 
with a solid surface were assigned by Bur- 
field (8) to 1595 cm-r. Hence, the bands 
observed at 1625 and 1595 cm-i can cer- 
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FIG. 1. Absorption spectra of l-butene at 373 K (a) and 1,3-butadiene at 423 K (b). 

tainly be attributed to these adsorbate 
structures. 

Adsorption of 1,3-Butadiene 

Similarly to 1-butene the adsorption of 
1,3-butadiene at 423 K also leads to nega- 
tive hydroxyl bands; a small absorption 
band occurs at 3540 cm-l. Hydrocarbon 
bands are identified at 3040, 2930, and 2850 
(sh) cm-l. Below 2000 cm-l there are ab- 
sorption bands at 1680 (sh), 1650, 1595, 

1570, 1450 (sh), and 1440 cm-l. The spec- 
trum is shown in Fig. 1. 

Bands at 2930, 1595, 1570, and 1440 cm-l 
agree with those of gas-phase butadiene. 
The 1650 cm-l band indicates an isolated 
C=C double bond (e.g., 1645 cm-t in l- 
butene). The lack of a hydrocarbon band 
around 3080 cm-r shows that the terminal 
olefinic CH2 group disappears by adsorp- 
tion. A possible structure for adsorbed 1,3- 
butadiene is therefore either a 1,4-addition 
complex on the catalyst (two CT bonds) or a 
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FIG. 2. Absorption spectra of maleic anhydride adsorbate at 573 K (a), 473 K (b), 423 K (c) and 
373 K (d). 

r complex of both C=C double bonds with 
the catalyst surface. The latter complex 
would have only very weak absorption in 
the 3080 cm-r region. 

The 1680 cm-r absorption band cannot 
safely be assigned to a single adsorption 
structure as many compounds absorb in 
this region; however, since a weak double 
peak was observed the structure may be 
most probably assigned to 1,3-butadiene. 

Adsorption of Maleic Anhydride 

Maleic anhydride was adsorbed between 
373 and 573 K. The adsorbate spectra in the 
range 1950 to 1275 cm-r are shown in Fig. 
2, and the wavenumber values of the ab- 
sorption bands are listed in Table 2. At all 
temperatures negative and positive hy- 
droxy bands were found. On the basis of 
the change of their extinction at different 
temperatures and adsorption times, the 
other bands can be divided in three groups: 
Group A bands [1856, 1800 (sh), 1780, 
1760(sh), and 1280 cm-‘] change their ex- 
tinction very much with temperature. Ex- 
tinction of group B bands (1580, 1460, and 
1320- 1330 cm-‘) increases very slowly with 
adsorption time. Group C bands (1730, 
1680, and 1635 cm-‘) develop very quickly 

after adsorption. Whether an absorption 
band belonging to group B exists around 
1635 cm-r is uncertain. Assignment of the 
hydrocarbon bands at 3120,3080,2970, and 
2940 cm-r is impossible because these 
bands are very weak and are detectable 
only at low temperatures. 

Group A bands can easily be assigned to 
physisorbed maleic anhydride. The 1856 
and 1780 cm-r bands result from the sym- 
metric and asymmetric anhydride vibra- 
tions, while the 1280 cm-r band arises from 
the C-O-C bridge in the molecule. The val- 
ues are in nearly the same positions as 
given by Ref. (22). The C=C band of ma- 
leic anhydride is of medium intensity and 
absorbs at 1590 to 1595 cm-‘. The observed 
1580-1585 cm-* band cannot be assigned to 
this vibration, since its intensity is indepen- 
dent of the other maleic anhydride bands as 
derived from their time dependence. Most 
probably the band of the C=C bond is cov- 
ered by this band. 

Group B bands at 1580 and 1460 cm-r are 
very strong, while the 1320 cm-’ band is of 
medium intensity; whether the 1640 cm-’ 
band belongs to group B is uncertain. The 
1580 cm-r band is typical for a carboxylate 
structure. It corresponds to the asymmetric 
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TABLE 2 

Wavenumbers (cm-‘) of Absorption Bands after Maleic Anhydride Adsorption at 
Different Temperatures 

373 K 423 K 473 K 573 K Assignment 

3780 
3730 
3680 
3500 vs,br 
3120 VW 
3080 VW 
2970 VW 
2940 VW 
1930 VW 
1856 m 
1780 s 
1760 sh 

1680 sh 
1640 sh 
1585 vs 
1455 vs 
1400 sh 

1330 m 
1280 m 

3780 3780 
3730 3730 
3680 3680 
3480 vs,br 3450 vs,br 
3120 VW 

1856 w 1856 w 
1780 m 1780 w 
1760 VW 
1730 sh 1730 sh 
1680 sh 1680 sh 
1640 sh 1635 sh 
1585 vs 1580 vs 
1460 vs 1460 vs 
1400 sh 1400 sh 

1320 m 
1280 sh 

1320 m 
1280 sh 

3780 
3730 
3680 
3450 w,br 

1780 sh 

1730 w 
1680 sh 
1635 w 
1580 m 
1460 m 

vibration of the carboxylate ion. The 1460 
cm-l band lies within the range 1390 to 1470 
cm-i, being characteristic for the symmet- 
ric vibration of carboxylates (30). Carbox- 
ylate structures that might be formed by ad- 
sorption of maleic anhydride are maleate, 
acid maleate, oxalate, and carbonate; how- 
ever, oxalate and carbonate are unlikely to 
be present here as can be deduced by com- 
parison with the absorption bands pub- 
lished for carbonates (31) and oxalates 
(32, 33). Sathyanarayana and Savant (34) 
reported infrared spectra of maleate hy- 
drates and acid maleate hydrates of Ni, Co, 
Cu, and Zn; a comparison of the group B 
bands with these spectra indicates that ma- 
leate is the most likely structure for the ma- 
leic anhydride adsorption complex. 

Group C bands at 1730, 1680, and 1635 
cm-l reach their final intensity immediately 
after the onset of adsorption. That addi- 
tional bands of this adsorbate structure are 
covered by other compounds cannot be ex- 

1360 VW 
1325 w 

- 

OH groups 

Bridged OH groups 
CH stretch 

Combination 
C=O asymmetric stretch 
C=O symmetric stretch 
Combination 

C=O asymmetric stretch 
C=C, C=O symmetric stretch 
C-O asymmetric stretch 

C-O symmetric stretch 

eluded. Structures of acid maleate and ma- 
leic acid that appear to be possible adsor- 
bates could not be identified on the basis of 
these bands only. Also, no other assign- 
ment was possible. 

Summarizing, it may be concluded that a 
physisorbed maleic anhydride and a male- 
ate formed by chemical interaction exist on 
the catalyst surface. Moreover, there exist 
other complexes the structure of which 
could not be identified. 

Adsorption of 2,.5H-Furanone 

The adsorption of 2,5H-furanone was 
carried out at 373 and 403 K. For both tem- 
peratures similar results were obtained. Ob- 
viously, the adsorbate underwent reaction 
on the catalyst even at 373 K. As several 
different adsorbate complexes were formed 
interpretation of the spectra was difficult. 
The adsorbate spectra obtained at 373 K 
after different adsorption times are shown 
in Fig. 3 (spectra a-e). In the beginning, 
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FIG. 3. Absorption spectra of 2,5H-furanone adsorbate at 373 K from 1950 to 1275 cm-’ with 
increasing coverage of the catalyst (a-e) and after purging with nitrogen (f). 

bands arise at 1780, 1705, 1690, 1630, 1445, 
1370, and 1335 cm-i. The 1705 cm-i band 
has a shoulder at 1740 cm-l, and the 1630 
cm-i band at 1595 cm-l. During further ad- 
sorption especially the 1780, 1740, 1445, 
1370, and 1335 cm-’ bands increase with 
time, while the 1630 cm-i band becomes 
covered by a band at 1595 cm-i; also, addi- 
tional bands arise at 1795 and 1350 cm-‘, 
and shoulders appear at 1760, 1850, and 
1875 cm-‘. Bands typical of hydrocarbons 
are observed at 3100, 2930, 2820, and 2725 
cm-‘. 

Purging the IR cell with nitrogen leads to 
a decrease in the band intensities in the re- 
gion 1800 to 1650 cm-*; especially at 1780 
and 1740 cm-’ a significant decrease oc- 
curs. The 1690 cm-’ band is weakened 
more than the 1705 cm-i band. The 1445 
cm-i band is broadened, while the 1350 
cm-’ band disappears (cf. Fig. 3, spectra e 
and f). The 3 100 and 2930 cm-i bands are 
weakened. 

Easiest to identify is physisorbed 2,5H- 
furanone (3100, 2930, 1780, 1740, and 1350 
cm-i) which desorbs during purging with 
nitrogen. Further bands of this compound 
are at 2880, 1605, and 1450 cm-’ (21). The 
2880 cm-i band of 2,5H-furanone is very 

weak and may not be detected; those at 
1605 and 1450 cm-’ are covered by other 
compounds. 

Bands at 1795 and 1760 cm-’ can be as- 
signed to another 5-substituted 2-furanone. 
Schroeter et al. (35) found two car- 
bony1 bands for different 5-substituted 
2-furanones; 5-hydroxy-2-furanone exhibits 
bands at 1793 and 1761 cm-‘, but other sub- 
stituents may shift these bands. The small 
difference between both bands (35 cm-‘) is 
to be understood as an indication that they 
do not result from open-chain anhydrides, 
which absorb in the same region and have a 
wavenumber difference of about 60 cm-‘. 
Thus, the bands at 1795 and 1760 cm-l 
apparently belong to a 5-substituted 
2-furanone. 

The very strong bands at 1705 and 1690 
cm-’ result from different compounds. 
They have to be assigned to aldehyde struc- 
tures. y&Unsaturated acids can be ex- 
cluded since they exhibit only a weak ab- 
sorption band in this region. The formation 
of aldehydes is shown by two characteristic 
weak bands at 2820 and 2725 cm-‘. Charac- 
teristic bands for the deformation of alde- 
hydes lie between 1415 and 1325 cm-l (36), 
bands having been observed at 1335, 1350, 
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FIG. 4. Absorption spectra of furan adsorbate. (a) Spectral changes after long adsorption times at 378 
K. (b) Adsorbate spectrum in the beginning of adsorption at 378 K. (c) Spectral changes after long 
adsorption times at 387 K. (d) Adsorbate spectrum in the beginning of adsorption at 387 K. 

and 1370 cm-‘. The 1350 cm-l band has 
previously been assigned to physisorbed 
2,5H-furanone (see above). The remaining 
bands at 1335 and 1370 cm-’ can be linked 
to the aldehyde deformation, especially 
since their intensity increases with that of 
the carbonyl bands. The split of the car- 
bony1 bands at 1705 and 1690 cm-i may 
result from different conformations of the 
aldehyde group and the carbon double bond 
(36); the s-cis conformation would lead to 
the 1705 cm-’ band, while the s-rrans con- 
formation would absorb at 1690 cm-i. Car- 
boxylic acids also absorb around 1700 
cm-‘; however, there should be additional 
bands characteristic for the hydroxyl 
group, one at around 3200 cm-i and two 
weaker ones in the region 2750 to 2550 
cm-‘, which were not detected when ad- 
sorbing 2,5H-furanone. Furthermore, the 
2725 cm-t band can be securely assigned to 
an aldehyde. The occurrence of a free acid 
therefore seems very doubtful. The bands 
around 1595 and 1445 cm-i may be assigned 
to a carboxylate ion structure since similar 
bands (i.e., 1585 and 1445 cm-t) have been 
observed for a carboxylate structure when 

MA was adsorbed; however, no final proof 
is possible at present. 

In essence it seems reasonable to assume 
that during the adsorption of 2,5H- 
furanone the following compounds are 
formed: physisorbed 2,5 H-furanone, an- 
other 5-substituted 2-furanone, and a 
4-oxo-2-butenoic acid anion. 

Adsorption of Furan 

The adsorption of furan was carried out 
at 378 and 387 K. The respective spectra 
are shown in Fig. 4. At 403 K already 
strong bands were formed in the region 
from 1700 to 1850 cm-‘, which certainly re- 
sulted from products of furan oxidation. At 
378 K very weak bands at 1795, 1760, 1335, 
and 1285 cm-’ and a little stronger band at 
1690 cm-l are formed in the beginning of 
the adsorption of furan (Fig. 4, spectrum b). 
The intensities of these bands did not in- 
crease with adsorption time (spectrum a). 
Bands at 3150-3130, 1590, 1570, 1550(sh), 
1490, 1455, and 1395 cm-’ increase in inten- 
sity during an elongated adsorption period. 
A temperature increase from 378 K to 387 
K did not significantly change the results at 
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ADSCRBATE ADSORBATE STRUCTURE 

l-BUTENE 
H&+-l-C2H5 

: i 
I 

, >mt,,,IE,.,E F H2 H2ff=FH-HF==q.H2 

x %i ii 

I 

FURAN H 

I  

FIG. 5. Proposed structures of I-butene, 1,3-butadi- 
ene, furan, 2,5H-furanone, and maleic anhydride ad- 
sorbed on a V205/PzOs. catalyst. *Adsorption site. 

378 K (spectra c and d); however, the bands 
at 1850 to 1650 cm-i were stronger although 
less pronounced than the other absorption 
bands. Their intensity changes were too 
weak to decide whether they belong to one 
or more compounds. 

Bands at 1595, 1565, 1550(sh), 1490, 
1455, and 1395 cm-i are assigned to one 
compound. These bands are in nearly the 
same position as those of furan. In compari- 
son with unadsorbed furan the 1490 cm-’ 
band is smaller, while the 1455 cm-i band is 
stronger. As Rico et al. (20) show, substitu- 
tion at the furan ring influences the position 
of the 1490 cm-’ band. This influence is 
strong for substitution in the 2- or 5-posi- 
tion of the ring, while 3- and 4-substitution 
has only little effect. Senechal and 
Saumagne (37) investigated several 2-sub- 
stituted furans. Ring vibrations of furan ap- 
pear in the range 1460 to 1530 cm-l. Lower- 

ing the electron density in the ring would 
lead to absorption at lower wavenumber. 
Interaction of furan with the catalyst, as 
suggested by Weiss (16), would lead to an 
adsorption complex with lowered electron 
density in the furan ring. A cationic com- 
plex, as suggested by Weiss, would lead to 
the spread of one n bond over three carbon 
atoms. This structure is similar to a +allyl 
complex, whose carbon-carbon bond ab- 
sorbs at about 1458 cm-’ (38). An addition 
co,mplex of the furan ring in the 2-position 
to the catalyst is therefore the likely struc- 
ture (Fig. 5). 

The remaining bands in the adsorbate 
spectra cannot be assigned to a single com- 
pound. They belong to other reaction prod- 
ucts which are formed by oxidation of the 
adsorbate. These structures will be dis- 
cussed in Part II where the adsorption 
results obtained under oxidizing conditions 
will be presented. 

CONCLUSIONS 

It is concluded that from 373 to 423 K no 
significant oxidation of the primarily 
formed adsorbate complexes took place. 
The only exception is 2,5H-furanone, 
which reacted slowly to the 4-oxo-2-bute- 
noic acid anion even at these low tempera- 
tures. The olefins 1-butene and 1,3-butadi- 
ene formed r complexes with the catalyst 
surface without any further oxidation. Fu- 
ran formed an addition complex in its 2- 
position with the catalyst, which was stable 
at 378 and 387 K. Maleic anhydride appar- 
ently did not undergo oxidation up to 
573 K. 

The spectra obtained are valuable for fur- 
ther discussion of the adsorption of I-bu- 
tene and its intermediates furan and 2,5H- 
furanone under oxidizing conditions which 
lead to maleic anhydride. The adsorbate 
structures derived for the various com- 
pounds are summarized in Fig. 5. 
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