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The interactions of various anatase and rutile samples with V205, and their products, have 
been studied by thermal analysis, by ir and ESR spectroscopy and by X-ray diffraction. The 
VZOS was introduced either by mechanical admixture or by impregnation of the TiOl with 
NH,VOz and subsequent calcination. With anatase samples containing only low levels of PZOs 
and K20 (<0.6’%) or containing SO1- (6.3%), heating to 450 to 600°C leads only to supported 
VzOa: but heating at 750°C produces (i) a change in color to black, (ii) an irreversible loss of 
oxygen, (iii) a transformation of the anatase into rutile, and (iv) a substantial decrease in 
surface area. The results of experiments performed with various VZOS concentrations (1 to 60% 
w/w) suggest that about 8% w/w VnOa becomes incorporated as V4+ ions into the rutile lattice 
during the transformation, through the formation of a compound having the composition 
Vo.04Tio.9602. Corresponding processes with rutile take place only at higher temperatures. 
Anatase containing Na+ (1.4y0) behaves quite differently, and there is evidence for the forma- 
tion of sodium vanadium bronzes on heating to 450 or 750°C. Catalysts containing supported 
VZOS oxidize butadiene to maleic anhydride at 260°C with a selectivity which increases with 
VZ05 contents between 1 and lo%, and thereafter remains constant (S ‘V 0.45). Those con- 
taining the compound Vo.a4Tio.9602 are less active but more selective (S * 0.57 for 10 to 30y0 
V205). With both types, the selective reaction is zero order in butadiene and in O$, and both 
show activation energies for selective and for nonselective oxidation of 20 to 25 kcal.mol-1. 
Selective oxidation is believed to require lattice oxygen, and selectivity correlates with difficulty 
of reduction by CO. 

INTRODUCTION 

It is now well established that catalysts 
containing VzOh are able to catalyze the 
selective oxidation of butadiene, 1-butene, 
and benzene to maleic anhydride, and of 
naphthalene and o-xylene to phthalic an- 
hydride. There have been numerous inves- 
tigations of the effect of promoters and of 

1 On leave from Institute of Isotopes, Hungarian 
Academy of Sciences, P. 0. Box 77, Budapest 114, 
Hungary. 

supports, from which it appears (1, 2) that 
the combination of VZOE, with TiOz, usually 
as anatase, exhibits best selectivity and 
activity, which can be even further en- 
hanced by promoters such as PZ05, Asz03 
(I), and KzS04. The physical basis of the 
success of the V20rTiOz combination is 
not however clearly established, although 
there have been several studies of the 
system’s solid state chemistry (S-5). It has 
been observed that, on heating V20r,-Ti02 
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TABLE 1 
Physical Properties and Chemical Composit~ions of TiOn Samples 

- 
Sample Calcina- Surface 

tion area/ 
temp/“C m2 g-l 

Crystallite 
size/b 

Phase Chemical composition w/w 

PZOs/7, SO,/7o K20 Na+ CaO 

API 
AP2 
AP3 
AP4 
AN 
.4s 

RP 
ItIT1 

RN2 

870 
870 
702 
600 
500 
120 

910 
750 

675 

8.9 
8.0 
9.5 
9.6 

98.3 
186 

1.5 
11.4 

23.9 

> 1500 Anatase 0.56 0.05 0.36yo 33 wm 97 ppm 
>1500 ilnatase 0.56 0.05 0.36% 65 wm 97 mm 
>I500 Anatase 0.40 0.05 o.29yd 35 wm 120 ppm 
>1500 Anatase 0.41 0.05 0.29% 37 ppm < 100 ppm 

130 Anatase <O.Ol 0.1 - 1.4’2 - 
130 Anatase 0.35 6.3 O.lSc~ 30 wm 8% ppm 

> 1500 Rlrtile <O.Ol - 18 ppm 0.057G <20 ppm 
> 1500 Rutile <O.Ol 0.05 - 5.570 0.3’S 

1000-1500 91 o/b rlltile <O.Ol 0.07 - 5.370 0.34’7 .o 

mixtures, the anatase to rutile phase trans- 
formation takes place at a temperature well 
below that at which it occurs with pure 
anatase, although the ease of this phase 
change is notoriously affected by crystallite 
size and the presence of impurities (6-8). 
There is also a simultaneous loss of oxygen 
(5). It has been suggested (9) that “both 
the reduction of VZ05 and the transforma- 
tion of anatase into rutilc are topotactic 
reactions activated by the remarkable fit 
of the crystallographic patterns in contact 
at the VzOsTiOz (anatase) interface.” In 

our view, however, this reaction and its 
product deserve a more prccisc description. 

It is also well established that in working 
or in used V205 catalysts the oxidation state 
of the vanadium falls below five. It has 
sometimes been thought (10-12) that the 
catalytically active phase is VsO13 l.c., 
V,O,.,,), although for benzene oxldatlon the 
composition VO1.99 shows highest ’ si#ec- 
tivity (IS). For o-xylene oxidation over 
supported VZ05 catalysts, howcvcr, there is 
evidence to show that optimum activity 
and sclnctivity are found with maximum 
oxidation state (1). In the VzOrTiOz 
system, maximum selectivity in o-xylene 
oxidation is usually observed (2, 14) with 
10 to 20 molyo V,O5 (selectivity -0.70- 
0.75), although for I-butene oxidation the 
maximum (-0.45) is at 80 molYo VZOS (15). 

Of course it by no means follows that 
optimum surface rcquircments are identical 
for the oxidation of all hydrocarbons. 

WC have investigated some of the 
physicochemical properties of the VzOb- 
TiOz system using a number of anatase and 
rutile samples differing in calcination tem- 
pcraturc and in the level of impurities, 
especially Na+ and Sod=. We have also 
assessed the performance of catalysts pro- 
duced thcrcfrom for the oxidat’ion of buta- 
diene to maleic anhydride, with especial 
rcfcrcncc to the effect of the tcmpcrature 
to which the catalysts have been heated 
before use. A clearer picture of the struc- 
tural chemistry and its connection with 
catalytic behavior emcrgcs. 

EXPERIMENTAL 

Materials. The physical properties and 
chemical compositions of various TiOz 
samples (kindly supplied by Tioxide Inter- 
national Ltd.) are given in Table 1. Other 
impurities present at levels of 10 to 400 ppm 
were also detected. The four AP (anatase 
“pure”) samples, which had been calcined 
at temperatures between 600 and 87O”C, 
had approximately the same levels of im- 
purities (mainly PZ05 and K20) ; the AN 
(anatasc-sodium) and RN (rutile-sodium) 
samples contained mainly Na+, while the 
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AS (anatase-sulfate) sample contained 
about 6% SOS (as SO,-). AP2 was a milled 
version of APl. 

Before being used in catalyst prepara- 
tions, the TiOz samples were ground and 
the fraction below 120 mesh was retained. 
Some catalysts were prepared by “total 
absorption” impregnation of an aqueous 
solution of AR grade NHJVOI (ammonium 
mctavanadate), but its solubility in water is 
low and the maximum attainable VZOS 
concentrations were about 5% with the 
AP samples and about 12ye for the AN 
sample. After impregnation, the material 
was dried at 110°C. To obtain higher VzO5 
contents, either the TiOz sample was added 
to a solution containing the desired weight 
of NHIVO, and the excess water was 
evaporated on a steam bath, with constant 
stirring, or the NH,VO, was dissolved in 
oxalic acid solution, in which it is much 
more soluble, and the “total absorption” 
procedure followed. Some catalysts were 
prepared from mechanical mixtures of TiOz 
and VZ06, followed by heating to an 
appropriate temperature. Catalysts con- 
taining 1 to 60% V205 were prepared by 
one or other of these methods; differences 
in behavior will be noted where relevant. 
For structural studies and for investigation 
of butadiene oxidation, samples were 
further heated in air either to 450°C for 
5 hr to give Y (for yellow) samples or to 
750°C overnight to give B (for black) 
samples. The final figure in the code for the 
catalyst gives the percentage of VZOS: thus 
APlB-25 signifies 25% VZOr, on anatase 
APl heated to 750°C overnight. All com- 
positions are expressed on a weight basis. 

Characterization methods. DTA and TGA 
measurements were carried out using a 
Stanton Standata model 6-25 apparatus 
and a Stanton TROl thermobalance, re- 
spectively. Gravimetric measurements in 
Nz or in vacua were made using a Beckman 
microbalance Model LM600. ir spectra of 
samples (650 to 5000 cm-r) were measured 
with KBr discs using a Unicam SP200 

spectrometer. Surface areas were measured 
by Nz or Kr adsorption at liquid Nz tem- 
perature in a conventional BET apparatus. 

ESR spectra were recorded with a Varian 
E3 X-band spectrometer with lOO-kHz 
modulation and a modulation width of 1 
to 10 G. Samples, contained in a 4-mm 
tube, were examined either in air at 
ambient temperature or in vacua at 77 K 
with 20-mW microwave power. The method 
of Hecht and Johnston (16) was adopted 
for determining the g factor. 

X-Ray diffraction measurements were 
performed on a Philips unit with Ni-filtered 
CuK, radiation using a Debye-Scherrer 
camera of 11.46-cm diameter. The fraction 
of rutile in anatase samples X, was deter- 
mined by the equation (17) 

x, = (1 + 0.7941,/1,)-l 

measuring the intensities of the (110) and 
(101) reflections for rutile and anatase, 
respectively. Crystallite sizes were deter- 
mined by the Scherrer equation (18), mea- 
suring half-maximum widths. Instrumental 
broadening was allowed for by Warren’s 
equation (18). 

Catalytic measurements. Butadiene oxida- 
tion was carried out in a conventional flow 
apparatus at 1 atm pressure ; the catalyst 
was placed in a Pyrex reactor of l-cm 
internal diameter and the bed depth was 
also about 1 cm. Most experiments were 
performed with a mixture containing about 
1.5 moloj, butadiene in air, made either by 
mixing t’he two gases from cylinders or, 
when low flow-rates of butadiene were 
needed, by passing air through two traps 
in series containing liquid butadiene at 
-98°C. When investigating the order of 
reaction with respect to 02, Nz was added 
to keep the butadiene concentration con- 
stant. Air and Nt were passed through a 
SiOZ gel tower before use. The outlet tube 
from the reactor was heated with an ir lamp 
to prevent condensation of maleic anhy- 
dride, which was subsequently collected in 
a trap cooled in an ice-salt bath for a fixed 
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time (30 to 120 nun). It was then dissolved 
in Hz0 and titrated with standard KaOH 
solution. Butadicne and CO2 were analyzed 
by glc using a 6-m column of 15% w/w 
dimethylsulfolane on Celite at room tcm- 
perature ; CO was separated from air using 
a l-m column of 5A molecular sicvc also at 
room temperature. 

The reduction of selected samples by CO 
was followed with a Beckman microbalance 
model LM600: The reductant was added 
after evacuation of the sample to 0.03 Torr 
at the reaction temperature, and since the 
extents of reduction were always less than 
0.1% there was no noticeable change in 
pressure. 

RESULTS 

Characterization by Thermal Analysis 

According to preliminary TG studies, 
NHIVOP imprngnatcd onto anatase de- 
composed in thrco steps, at 140°C (u-eight 
loss 11.3%), 220°C (-14.9%), and 340°C 
(- 21.4%) : The product was VsOr,. Further 
work on TGA and DTA was performed 
only bctwcen 400 and 950°C. 

On heating AP-Va05 samples in 100 Torr 
air in the vacuum microbalance, they began 
to lose oxygen at 660 to 67O”C, and tcm- 
peraturcs for the maximum rate (T,,,,) 
were for APl and ,4P2, 72O”C, and for AP3 
and AP4, 730°C. T,,,, changed only 
slightly with V,Os concentration. TGA and 
DTA curves for APlY- are shown in 
Figs. lA-D. The endothermic peak at 
690°C is due to the melting of Va05, while 
that at 740°C corresponds to the process 
of oxygen loss. When the V,Os content, was 
less than 15yo w/w, a second heating did 
not show either of these peaks ; but at 
higher concentrations a second heating 
revealed the prcscnce of some remaining 
VT05 (see Figs. 1C and D). Similar results 
were obtained with AP2, AP3, and AP4 
samples, although AP3 had been prepared 
at 702°C and AP4 at 600°C (see Table 1). 

I I 
I 

I 

A 

“r ;̂l 

-v- 

B **.. 
_ - _ - - - - - - - - - --._ ., 

.m____ H -*..* ,_____--. 
._J 

I ,,---- P-< ____-- 
co% --“” I ________ - __________ b,_ 

I 

I 1 

500 600 700 500 600 700 800 

TEMPERATURE ‘C 

FIG. 1. DTA and TGA results. (A and B) DTA 
and TGA respectively of sample APlY-30, first heat- 
ing; (C and D) the same, second heating; (E and F) 
DTA and TGA respectively of sample ASY-30; 
(G and H) DTA and TGA respectively of sample 
ANY-SO, first heating; (I and J) the same, first 
cooling; (K and L) the same, second heating. 

The gas evolved in the region of 700°C was 
shown to be oxygen by mass spcctrometry. 

The extent of oxygen loss measured in 
air is presented as a function of VzO5 con- 
tent in Fig. 2, togcthcr with the results of 
Cole et al. (5) for this system. The points 
fit remarkably well together, except at low 
VZO6 c011te11ts. 

TGA and DTA of AS-V205 samples gave 
similar results, but in this case the presence 
of SO3 (6.37, by chemical analysis, 6.770 
by TGA) hindcrcd exact determination of 
oxygen loss. The extents of oxygen loss 
(Fig. 3) were calculated from the weight 
lossc~s bctwecn 470 and 840°C after correc- 
tion for the amount of SOS lost as estimated 
from the sample’s composition, and assum- 
ing that no chemical interaction occurs 
between SOa and VzOr,. DTA curves were 
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FIG. 2. Extents of oxygen loss (circles) and of anatase transformation into rutile (triangles) as 
a function of VzOs content. Open points, an&se API; filled points, anatase AP2; squares, results 
of Cole et al. (5). The curve relating to oxygen loss is calculated as described in the text. 

also much affected by the endothermic loss 
of SO3 (see Fig. 1 for an example). 

Completely different TG and DTA 
curves were observed using AN anat,ase as 
support (Figs. lG-L). The temperature at 
which oxygen loss started (Ti) depended on 
the method used for depositing the VzOh 
onto the support. For impregnation with 
NH4V03 dissolved in oxalic acid solution, 
Ti was 380 to 410°C ; for impregnation with 
aqueous NH,VOa it was 450 to 470°C 
(Fig. 1H) ; and for a mechanical mixture 
of AN anatase and VzOs it was 530 to 
540°C. These figures relate to a VZOS 
content of 30%. With the first two methods, 
a decrease in the VZ06 content was matched 
by a decrease in Ti. These observations 
suggest that variation in the particle size 
of the VZ06 may affect Ti. On the first 
heating, loss of oxygen continued to about 
650°C; an increase in weight was then 
observed, finishing at about 710°C (Fig. 
1H). On cooling, oxygen was lost in the 
region of 650°C in an exothermic process, 
there being a further sharp exotherm at 

510°C not accompanied by a weight change 
(Figs. 11 and J). On a second heating, 
oxygen was picked up at about 615”C, 
apparently in an endothermic step (Fig. 1K 
and L). To characterize this system we 
denote the irreversible oxygen loss on first 
heating as AOi, the reversible change in 
oxygen content on subsequent heating or 
cooling as AO,, and the total oxygen 
deficiency (AOi + AO,) as AOt. The varia- 
tion of these quantities with VZOh content 
is shown in Fig. 4. DTA of the AN sample 
alone showed a weak exotherm at about 
800°C. 

To elucidate the effect of TiOz structure 
on’the nature of the interaction with VZOr,, 
experiments were conducted with the rutile 
samples RN1 and RN2 which had different 
anatase contents but about the same 
sodium content (m-5%,, see Table 1). 
According to X-ray analysis, the sodium 
was mainly in the form of NazTisOll 
(NasO + 5Ti02) (19). With mechanical mix- 
tures of V206 and RN samples, oxygen loss 
began at about 520°C: Oxygen absorption 
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FIG. 3. Extents of oxygen loss (circles) and of anatase transformation into rutile (triangles) as 
a function of V205 content. Open points, anatase AP3; filled points, anatase AP4; half-filled 
points, anatase AS. The curve relating to oxygen loss is calculated as described in the text. 

occurred at 68O”C, the original weight being The maximum amounts of oxygen lost 
almost recovered, and an irreversible reversibly are shown as a function of Vz06 
oxygen loss was observed at about 820°C. content in Fig. 5: Thcrc are clear differ- 
On cooling, oxygen was evolved at 625°C. ences between the extents of oxygen loss 
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FIG. 4. Extents of irreversible (AO,), reversible (AO,), and total (AOh) oxygen losses, and of 
anatase transformation into rutile (triangles), for various concentrations of VzO, on anatase AN. 
A@, 0 ; AO,, q ; AOt, @. 
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with the anatasc (AN) and the rutile (RN) 

samples, but in both cases the low tcmpera- 
ture of the initial oxygen loss and the 
reversibility of oxygen uptake suggest that 
some kind of chemical reaction takes place 
between the sodium and the VzOs. The 
point is discussed further below. 

With mechanical mixtures of VzOs wit,h 
“pure” rutile (RP), oxygen loss did not 
begin below 87O”C, and was not readily 
measurable below about 940°C. Only the 
endotherm due to the melting of VzOs was 
observed in DTA. The extent of oxygen 
loss on heating samples of various Vz05 
contents to 950°C for 6 hr is shown in 
Fig. 5: Values are about half those found 
for the AP samples hcatcd to 750°C. 

Structural Characterization by Injrared 
Spectroscopy 

The ir spectrum of VzO5 (Fig. 6A) showed 
a sharp absorption band at 1020 cm-’ and 
a broad one at 840 cm-l: These agree with 
the literature (do), which assigns the former 
to V=O stretching and the latter to the 
deformation of V-O-V bridges. Anatasc 
and rutile samples exhibited broad bands 
in the regions 850 to 650 cm-l and 800 to 
650 cm-‘, respectively. Further bands at 
1600 to 1630 cm-’ and at 3300 to 3700 cm-’ 
were due to deformation vibrations of 
adsorbed water and surface OH groups. 
The AS sample also showed a broad band 

at 1100 cm-l with satellites at 1050 and 
1130 cm-‘, attributable to the SOS’ ion. 

The spectra of APlY samples (Figs. GB, 
D, and F) showed the characteristic band 
at 1020 cm-‘, but the 840 cm-r band was 
obscured due to the opacity of the support 
except when the Vz05 content exceeded 
20%. However, after heating to 750°C 
(APlB samples) the former band either 
disappeared completely (10% V20s) or was 
barely apparent (15% Vz05) or was much 
reduced in intensity (20% or more V206) 
(Figs. 6C, E, and G). Similar results were 
obtained with the anatase samples AP4 
and AS : With the latter it was evident that 
the 750°C treatment effectively removed 
the SO,. 

The results obtained with the anatase 
AN were however quite different. After 
heating a sample containing 50yo Vz05 to 
450°C, bands were observed at about 1000, 
YSO, and 960 cm-l as well as the 1020 and 
540 cm-l bands due to V205 (Fig. 6H). 
After heating to 75O”C, the bands of VnOs 
decreased substantially in intensity, while 
the others increased (Fig. 61). Similar 
behavior was seen with 60% VzO6; but 
with 15yo and 30% VZO~ the bands of V205 
wcrc not seen after heating t,o either 450 
or 750°C and the intensity of the bands 
between 950 and 1000 cm-l changed rela- 
tively little in intensity after heating to the 
higher temperature (Figs. 6J and K). Re- 

I I I 
0 IO 20 30 40 50 60 70 

x "A 

FIG. 5. Extents of oxygen loss from various V&-rutile samples as a function of VtOa content. 
Q, a, Maximum reversible losses with RN1 and RN2 respectively at 600°C; 0, irreversible loss 
with RP at 950°C. 
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FIG. 6. Infrared spectra of (A) Vz06, (B) APIY-10, 
(C) APlB-10, (D) APlY-15, (E) APlB-15, (F) 
APIY-20, (G) APlB-20, (H) ANY-50, (I) ANB-50, 
(J) A?;Y-15, (K) ANB-15, (L) RNl-17 (SOO-840°C). 

lated bands between 920 and 1000 cm-’ 
were observed when the rutile RN1 con- 
taining 17, 31, or 43y0 VzO6 was heated to 
800 to 840°C (Fig. 6L). Again it is evident 
that the sodium impurity in the AN and 
RN samples causes the reaction with VSOS 
to follow a quite different course. 

The ir spectra of VOZ and of VzO5 showed 
a continuously increasing absorbance with 
increasing wave number in the 750 to 1050 
cm-l region, with no well-defined bands. 

Structural Characterixatim by X-Ray 
Di$raction 

No trace of rutile was found in either the 
APl or AP2 samples after 5 hr heating at 
900°C, but the AN sample showed com- 

plete conversion to rutile under these 
conditions. The weak exothcrm seen at 
SOO”C is therefore at,tributable to this 
process. This difference is in keeping with 
the known catalytic effect of cationic 
impurities on the rate of this phase change. 

Diffraction patterns of APY samples 
indicated that t’hey were a mixture of VzO5 
and anatase: Typical results arc given in 
Fig. 7. The intensities of the lines did not 
change after heating in air for 17 hr at 
tither 500 or 600°C. Samples containing 
less than 3% VzOs showed no distinct 
lines of VSO~. 

The patterns shown by the APB samples 
showed, in agreement with the literature 
(?I, 5)) that the polymorphic transformation 
of anataso into rutile had occurred in 

I I I I I I 
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Fig. 7. X-Ray diffraction patterns of (1) anatase, 
(2) rutile, (3) V205, (4) APlY-30, (5), APlB-30, 
(6) ANY-50, (7) ANB-50. Patterns (I) to (3) are 
taken from Ref. (IS). 
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FIG. 8. ESRspectra of (A) APlY- (air, 24°C); (B) APlY- (air, 24°C); (C) APlY- (vacuum, 
77°K) ; (D) APlB-10 (air, 24°C) ; and (E) APlB-10 after heating in air at 750°C for 17 hr (vacuum, 
77 K). 

parallel with the oxygen loss during heating 
to 750°C. The extents of transformation as 
a function of VZ06 content are shown in 
Figs. 2 and 3. X-Ray analysis provided no 
evidence for the presence of VZOs when its 
content was below 20%. Above this con- 
centration, however, it was detectable, and 
its average crystallite size (determined by 
line broadening) increased rapidly with 
increasing VzO6 content above 20%, being 
18 nm at 22%, 34.5 nm at 25%, and 
greater than 100 nm at 30%. 

The lattice parameters for the rutile 
phase in these samples were determined 
from the diffraction lines in the back- 
reflection area by applying Straumanis’ 
method (18) to the pairs of al012 doublets. 
Values of a = 4.578 A and c = 2.95s A 
were found for samples containing 15% 
V206. 

In Fig. 7 (6 and 7) are shown the diffrac- 
tion patterns of the ANY-50 and ANB-50 
samples (heated to 450 and 82O”C, respec- 
tively). The former shows the lines due to 
anatase, and the latter those of rutile, but 
additionally both contain lines which were 
finally identified as being those of the 
sodium vanadium bronze Na0.33V205 (21). 
These lines appeared continually in the 
AN-V206 system, but xvere most intense 
with VzO6 contents of 40 to 50%. Their 
d-spacings were difficult to measure pre- 
cisely because of the degree of line broaden- 
ing. Samples of ANY containing 15’% 
VzO6 exhibited no lines attributable either 
to V205 or to a sodium vanadium bronze, 
presumably because of excessive line broad- 
ing. However, the ANB-15 sample 
showed the presence of the bronze 
Nal.ssVnOb (22) (a weak broad line at 



TABLE 2 

Parameters of the ESIt Spectra 

Sample Q AH&gauss 

APlY- 1.973 124 
APIY-30 1.972 143 
APlY- 1.977 96 
APlY- 911 1.948 g1 1.980 HI, 183 H~78 
APIB-30 1.968 102 
APlB-10 911 1.932 !/I 1.988 H,, 210 HI 82 
ANY-30 I.977 88 
ANB-30 1.972 98 

D 
d s 5 A), as well as of Na0.33V206. The 
extent of the anatase to rutile transforma- 
tion on heating to 800°C (Fig. 4) is almost 
independent of VzOs concentration. 

Structural Ch,aracterixation by ESR 
Spectroscopy 

V205 obtained by decomposition of 
NH,V03 in air at 450°C gave an isotropic 
spectrum of Lorentzian shape for which 
the g factor was 1.97 and the maximum 
slope separation AH,,1 was 120 G. This 
spectrum has often been reported (23, 24) 
and is assigned to V4+ arising from a small 
oxygen deficiency in the VZOS. The APY 
samples containing 5 to 50% VzO5 had a 
similar g value but variable line widths 
(SW Figs. 8A and B for examples). The 
parameters are collected in Table 2. APlY 
samples with low V,Os contents always 
showed a poorly resolved hypcrfinc struc- 
ture (Fig. 8C) due to dipole-dipole intcr- 
actions (25). This spectrum can be assigned 
to V02+ ions having a square pyramidal 
coordination (26). APlB samples having 
5 to lOu]o V,Os exhibited similar spectra 
(SW for example Fig. SD), the g factors 
being collected in Table 2. With Vn05 con- 
tents greater than lo%, only a slightly 
asymmetric singlet spectrum was found. 
Heating the APlB-5 and -10 samples in 
air ovornight at 750°C decreased the in- 
tensity of the signals and they were com- 
plctcly destroyed by heating overnight in 

X IN NA,V,O, 

FIG. 9. Extents of irreversible (AOJ, reversible 
(AO,), and total (AOt) oxygen losses as a function 
of the Na/Vz05 molar ratio in mixtures of Na3V04 
and V205. AO:, 0; AOp, El; AOt, @. 

nitrogen at this temperature. Due to the 
short relaxation time, samples heated in air 
exhibited ESR spectra at 77 K (Fig. 8E) : 
The separation of the horizontal component 
is about 185 G, while that for the perpen- 
dicular one is nearly 70 G. This spectrum 
has been assigned to V02+ on the basis of 
measurements made with polycrystalline 
rutile samples doped with V4+ (4, 27). 

AXY and ANB samples containing 15 
to 60% V205 showed only a sharp signal of 
Lorcntzian shape. The values of g and of 
AH,,1 did not change much with composi- 
tion; typically g was 1.97 a’nd AH,,1 S7 G. 
The value of AH msr is smaller than the 
value of 210 G reported (28) for Na,VtOs. 
The very sharp ESR spectra arc probably 
due to exchange narrowing (25), suggesting 
that the V4+ centers are very close together 
on the surface. 

TABLE 3 

Surface Area &Ieasurements 

Percentage 
VZOP 

__- -- 
5 

IO 
15 
20 

Surface area/m2 g-l 

Y samples B samples 

8.6 2.2 
8.4 1.3 
8.4 1.1 
8.5 0.8 

u Snpport,cd on anahsc API. 
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Surface Area ikfeasurements 

Surface areas of APlY samples were only 
slightly lower than that of the support 
itself (see Table 1) and were independent 
of V205 content. However, heating to 750°C 
to produce the APlB samples led to a more 
than fourfold decrease in arca (see Table 3). 

Catalytic Behavior of V205-Anatase Samples 
Heated to 450°C 

Initial experiments on butadiene oxida- 
tion with sample APlY- at 248°C 
showed that its activity decreased rapidly 
during the first 2 hr of use, during which 
t,ime it changed color from yellow to dark 
brown and the reaction became more 
selective : Thereafter the activity and selec- 
tivity remained constant for 15-20 hr 
(Fig. 10). Similar behavior was seen with 
other VzOs contents. Activity increased 
after overnight treatment in O2 at 4OO”C, 
but soon returned to its original values. 
Kinetic studies were performed after the 
activity had stabilized. At short contact 
times, butadiene removal showed first-order 
behavior and the selectivity (defined as 
maleic anhydride formed/butadiene re- 
moved) was constant ; but at longer contact 
times the selectivity decreased progressively 
as the contact time was increased. The 
selectivities quoted below arc those ob- 

tained at short contact times. COZ yields 
were about five times larger than those 
of co. 

In Fig. 11 rates of butadiene removal and 
selectivities measured at 260°C are plotted 
against the VZ06 contents of catalysts 
containing up to 30% VZ05 on anatase 
APl : Activities are expressed per gram 
catalyst, since surface areas decrease only 
slightly with increasing VnOs content 
(Table 3). Both activities and selectivities 
initially increase rapidly as the VZ05 con- 
tent is increased, but there is no further 
effect on either above 10% Va05. 

Apparent activation energies for buta- 
diene removal (EBD) were measured be- 
tween about 220 and 300°C. Orders of 
reaction were measured with catalysts con- 
taining 5 and 15y0 VsO6 at 240°C and also 
with the anatase APl alone at 390°C : with 
the former, separate values were derived 
from the effects of partial pressure variation 
on butadiene removal (mBn, nBD> and 
maleic anhydride formation (rnMA, nMA> 
(see Table 4). No formation of maleic 
anhydride was observed with the anatase. 
The ~MA orders in 02 were about zero, but 
the nBD orders were about 0.3: Increasing 
the O2 content of t.he reactant gas stream 
thus depresses the selectivity, but this is 
due entirely to the increased rate of CO 
and CO2 formation. 

0 0 
0 100 200 300 

TIME MIN 

FIG. 10. Dependence of conversion of butadiene (open points) and selectivity (hatched points) 
on time for sample APlY- (248°C : 1 5 mol’% C~HB; 0.46 cm3 s-1). 
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FIG. 11. Dependence of conversion of butadiene (open points), and of selecti FIG. 11. Dependence of conversion of butadiene (open points), and of selectivity vity 
upon V~OS content for APlY (circles) and APlB samples (squares). upon V~OS content for APlY (circles) and APlB samples (squares). 

(filled points), 

Neither ir spectroscopy nor X-ray diff rac- 
tion gave any indication that catalysts 
after use contained any vanadium com- 
pound other than VaOs. Although the 
change in color signifies reduction, it was 
probably confined to a very thin layer at 
the surface. 

Catalytic Behavior of V205-illzatase Xamples 
Heated to 75O'C 

The B samples showed no initial loss of 
activity or increase in selectivity and n-erc 

stable over the 15- to 20-hr periods in 
which they were studied. The variation in 
the rate of butadiene removal and of 
selectivity with VzO5 content at 300°C are 
also shown in Fig. 11. The activity at first 
rises more slowly than was the case with 
the Y samples, although the selectivity 
increases more rapidly. There is a quite 
sharp maximum in activity at 157& VzOs, 
w-hereafter it falls rapidly although the 
selectivity does not fall. Consistently higher 
selcctivitics arc shown by the B samples. 

TABLE 4 

Kinetics of Butadiene Oxidationa 

Catalyst nm rn.v.4 71 MA Eso/kcal mol-* E&kcaI molF SIIlsxb 

APl 0.36 0.93 - - 27 - 0 
APlY- 0 0 27 0.07 -0.07 21 20 0.43 
APlY- - 23 23 0.45 
APlY- -0.07 0.29 0.03 0 24 24 0.43 
APlB-5 0.05 0.43 0.03 -0.12 22 22 0.48 
APlB-10 25 24 0.58 
APlB-15 -0.11 0.23 - 0.05 -0.15 25 24 0.58 

a The subscript BD refers to the proress of butadiene removal; XlA refers to maleic anhydride formation. 
Rates are proportional to Pu,H,“Po,“. 

b The maximum selwt,ivit,y observed in t,hr temperahwe range llsed for mcawring t,ho &vation cncrgirs. 
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Apparent activation energies were deter- 
mined between 280 and 360°C for catalysts 
having 5, 10, and 157c V205 (see Table 4). 
Orders of reaction were obtained by the 
two methods at 300°C with catalysts 
having 5 and 15% VzO6 : They are generally 
similar to those found with the Y samples. 

Reduction of VzO~,--Ti0z Catalysts by CO 

Studies of the isothermal reduction of 
catalysts by CO were undertaken to obtain 
more information on the reactivity of 
lattice oxygen in the valious samples used 
for the catalytic work. Rates of reduction 
of APl and of RP alone were very low 
between 350 and 5OO”C, but at this tem- 
perature the final weight losses under 100 
Torr CO corresponded to about 0.025 and 
0.01 mg O2 per 100 mg sample, respectively. 
Assuming that the (011) and (110) planes 
in anatase and rutile are preferentially 
exposed (29)) these weight losses correspond 
respectively to the removal of about 5 and 
12a/c of the surface oxygen. 

Rates of reduction of Y and B samples 
of VzOb-TiOt by CO were however readily 
measurable between 390 and 480°C. Losses 
in weight at first increased linearly with 
time, but subsequently the parabolic rate 
law was accurately followed (Fig. 12). Rates 
from the linear portion were measured at 
450°C and 100 Torr CO, and these together 
with the activation energies are plotted as 
a function of VzO6 content in Fig. 13. The 
activation energies for the Y samples do 
not change significantly with increasing 
V&I6 content, but the rates increase steadily 
and significantly. With the B samples, 
however, activation energies are somewhat 
higher, are maximal at 15oj, VzOr,, and then 
decrease until at 30% VzO6 the values for 
the Y and B samples are not much different. 
Reduction rates for the B samples are some 
two orders of magnitude lower than for the 
Y samples but also tend to increase with 
increasing VZ06 content. Rates were propor- 
tional to initial CO pressure. 

FIG. 12. Parabolic rate law plots for reduction by 
CO and CaH6. (1) APlY- at 36O”C, 100 Torr &He; 
(2) APIB-15 at 34O”C, 100 Torr CdH6; (3) APlY- 
at 43O”C, 100 Torr CO; (4) APlB-15 at 48O”C, 
100 Torr CO. 

Reduction by butadiene was briefly 
examined with samples APlY- and 
APlB-15: Rates were much faster than 
with CO (see Fig. 12) but also followed the 
parabolic rate law. They were independent 
of initial butadiene pressure in the range 2 
to 200 Torr. 

DISCUSSION 

Reaction of VzOb with “Pure” Anatase 
below 600°C 

All the experimental evidence points to 
the absence of any interaction between VzOs 
and the AP samples on heating in air at 
temperatures up to 600°C. The ESR 
spectra of samples containing 10 to 50% 
VzO6 are similar and agree with that of 
VzOr, alone. The Lorentzian shape of the 
spectra suggests an electronic exchange 
interaction between V4+ ions (25), signify- 
ing that they are clustered (24). The ESR 
results are therefore also consistent with 
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Fro. 13. Dependence of rates of reduction by CO (mg g-l min-‘) (filled points) and of activation 
energies (open points) for this process upon V205 content for .4PlY (triangles) and APlB samples 
(circles). Rates measured at 450” and 100 Torr CO. 

the existcncc of V205 as a separate phase. 
The formation of square-pyramidally co- 
ordinated V02+ ions only occurs at low 
VZ05 concentrations. 

Reaction of V20b with LLl’ure” Alzatase and 
‘iPure” Rutile above 7’00°C 

On heating any of the AP anatase 
samples with V,OS added by any of the 
t,hrce methods used to about 700°C (i.e., 
just above the melting point of VzO5, which 
is 69O”C), oxygen is evolved (Fig. 2), and 
our results strongly suggest, in confirmation 
of those of other workers (S-5), that this is 
due to the part,ial or complete reduction 
of V5+ to V4+. No evidence has been found 
for any lower oxidation state of vanadium, 
or for nonstoichiometric lower oxides of 
titanium. The extent of oxygen loss with 
the sulfate-conDaining AS sample (Fig. 3) 
was similar, after allowing for the loss of 
SOS. The maximum loss of oxygen owurs 
at about 107, V205, corresponding to a 
mole fraction of about 0.05. The cxtcnt of 

the maximum oxygen loss is not well 
defined, but lies between 0.35 and 0.40 mol 
O2 per mol V205: The declining extent of 
oxygen loss to the right of the maximum 
clearly shows that at higher concentrations 
of VzO6 the reduction is only partial. 

We interpret the results as follows. We 
suppose that the first 2% of VZ05 is in- 
activated by the impurities present (per- 
haps due to the formation of a potassium 
vanadium bronze), and that V205 in excess 
of 2% only is capable of reduction to V02. 
We further suppose that. at most a further 
8% V205 can be reduced. Calculated curves 
based on these suppositions are shown in 
Figs. 2 and 3, and describe the results well 
except perhaps at high VzO5 conccntra- 
tions. The quantity of V205 capable of 
being reduced is thus about 8% by n-eight 
(mole fraction -0.04). 

Simultaneously with this reduction there 
occurs the polymorphic transformation of 
anatasc into rutile (3, 5) : This is an ordcr- 
disorder transition involving c$hangc>s in 
secondary coordination (li, ‘i’) . In both 



490 BOND, SARKANY, AND PARFITT 

structures the Ti4+ ions are octahedrally 
coordinated to oxide ions, but anatase has 
three short oxide-oxide distances while 
rutile has only two. Conversion to rutile is 
clearly catalyzed by the presence of VaOr,, 
and it is interesting that Pt, PdO, and RuOz 
are also catalysts (30), although only RuOz 
has the rutile structure. The change to 
rutile is complete at a V205 concentration 
only a little higher than those at which the 
oxygen loss is a maximum (see Figs. 2 and 
3) : Below this, the extent of the trans- 
formation is proportional to the effective 
Vz06 concentration. This excludes the 
possibility that the rutile formed acts as a 
seed for the transformation. The complete- 
ness of the structural change is underlined 
by the very substantial decrease in surface 
area which accompanies it (Table 3). 

With samples containing 1 to 15% Va05 
heated to 75O”C, neither thermal analysis 
nor ir spectroscopy nor X-ray diffraction 
provides evidence for the separate existence 
of VZOs or of VOZ. We therefore conclude 
that the V4+ ions are present in solid solu- 
tion in the rutile lattice; that the maximum 
mol fraction of V4+ able to be dissolved is 
about 0.04; and that the V4+ ions enter the 
TiOz lattice during the phase transforma- 
tion. VzO6 in excess of this concentration 
remains as such and is observable. The in- 
complete transformation in the 1 to 10% 
VZ06 range suggests the formation of a 
compound V0.04Ti0.9602. To summarize, 
when VZ05 concentration is between 1 and 
10% the main components are unchanged 
anatase and the solid solution: At higher 
concentrations they are the solid solution 
and VzO6. 

The formation of such a pseudobinary 
solid solution is well known from direct 
melting studies (31). VOZ, which has the 
MoOz structure at low temperature, trans- 
forms at about 70°C to a rutile structure, 
and the solid solution has been prepared 
by flame fusion and arc melting methods. 

The mechanism by which V4+ ions enter 
the TiOz lattice at about 700°C is unccr- 

tain. Neither the temperature of pre- 
calcination nor the surface area affects the 
temperature at which the process occurs 
(compare the behavior of the AP and AS 
samples). Loss of oxygen on heating VZOs 
with “pure” rutile (RP sample) is only 
readily measurable at about 95O”C, showing 
that incorporation of V4+ ions into the 
rutile lattice is much more difficult than 
into the lattice undergoing the phase 
change. The extent of oxygen loss after 6 hr 
at 950°C (Fig. 5) is almost exactly half that 
shown with the AP samples at 75O”C, but 
the form of its dependence on VZOr, content 
strongly suggests that again only a limited 
quantity of V4+ ions can be incorporated. 
The calculated curve shown in Fig. 5 is 
based on the assumption that 4% of the 
V206 only is incorporated under the condi- 
tions of these experiments. 

We believe the incorporated V4+ ions 
occupy substitutional rather than inter- 
stitial positions in the rutile lattice: This 
has a tetragonal structure, with TiOs octa- 
hedra joined by edges and corners, each 
oxide ion being shared by three octahedra 
(3%‘). In consequence of this type of coup- 
ling, there are open channels with octa- 
hedral interstitial positions. ESR studies 
(SS) on doped single rutile crystals indicate 
that Ti3+ ions can occupy these sites, 
whereas V4+ ions can occupy only substi- 
tutional positions. The ESR spectrum of 
sample APlB-10 measured at 77 K agrees 
with that of V4+ reported in that paper. 

Additional evidence for substitutional 
incorporation comes from the values of the 
lattice parameters of the rutile phase. These 
(a = 4.57 A and c = 2.95 A) are smaller 
than those observed (??a) for pure rutile 
(a = 4.593 A and c = 2.959 A), showing 
that contraction has occurred, especially 
in the .?: and y directions. This is under- 
standable only if the smaller V4+ ion has 
replaced some of the Ti4+ ions in the lattice 
w4+, 0.58 A; Ti4+, 0.61 A). This result 
cannot be due to an oxygen-deficient rutile 
phase (Sd), since TiOr.9 has an expanded 



VyOjpTiOy SYSTEM 491 

rutilc lattice (a = 4.603 A and c = 2.960 
A). 

Reaction of V20s with Anatase Codaining 
Xodium 

The manner in which V&s rctactjs with 
sodium-containing anatasc (AN) and rutilc 
(RN) samples is quite different from that 
previously described for the relatively pure 
materials. In the cast of the AS material, 
we believe that the V&5 reacts with sodium 
to form one or more sodium vanadium 
bronzes (20) : These arc responsible for the 
ir bands observed between 950 and 1000 
cm-l. The bronze of compositionNao,33V,Oh, 
which has been identified through its d- 
spacings, may be formulated as Nat0 
.2VOZ.5VZ05: Bronze formation therefore 
requires partial reduction of the VzO5, and 
the oxygen evolved in this reduction is that 
irreversibly lost on heating (Fig. 1H) and 
denoted as AOi, or perhaps this plus the 
reversible loss AO,. Isothermal treatments 
followed by ir spectroscopy show that the 
bronze is formed to a substantial extent at 
450°C, but that more is formed on heating 
to 750°C. The weak endotherm at 600°C 
observed in the first heating (Fig. 1G) we 
associate with the melting of the bronze, 
for it appears as a sharp and stronger 
endotherm in the second heating, when 
there is no weight change, and also as a 
sharp exotherm at 510°C on cooling: The 
bronze is also capable of taking up and 
evolving oxygen reversibly in the 500 to 
700°C range. 

As we could find no mention in the litera- 
turc of such a reversible oxygen uptake, 
additional TGA experiments were under- 
taken with Ka,VO, and VZ05 mixtures. 
They showed characteristics similar to 
those in Figs. 1G and H, and the oxygen 
losses AO,, AOi, and A07 as a function of 2 
in Na,Vz06 are shown in Fig. 9. However, 
the expected loss of & or 0.083 mol O2 per 
mol VzOr, when IL is 0.33 agrees only with 
A(), and not with AOi. AOi not unnaturally 

increases with it’, but AO, passes through a 
maximum at 5 ‘v 0.4. Turning now to the 
interpretation of Fig. 4 and considering 
first the right hand side: The progressive 
addition of sodium-containing anatase to 
lr205 equates to the progressive increase in 
R: in Fig. 9. The relative sizes of AOi, AO,, 
and AO, are about the same hctween 70 
and 50°j0 V,Os in Fig. 4 as batwon x values 
of 0.1 to 0.6. Concerning tho low Vz05 
content side of Fig. 4 we are ICSS certain. 
Presumably the VzOr, initially reacts with 
part but not all of the sodium, perhaps 
forming bronzes with x greater than unity: 
These are apparently characterized by 
values of AOi greater than AO,, unlike the 
bronzes of low sodium content, but the 
ratio of mol 02 lost/mol VzOs never rises 
to the value of 0.33 expected for Na1.33V205. 
Further work would be required to achieve 
a full interpretation of Fig. 4. 

At 820°C the anatase to rutiie trans- 
formation also occurs, and is complete 
above 2O70 V,Os. We cannot be sure 
whether this is accompanied by V4+ ion 
incorporation as with the AP anatases, but 
since we have shown that the change occurs 
in the absence of VZOr, at 900°C it must bc 
considered unlikely, and the measurements 
of oxygen loss offer no support. 

O.ciclation of Butadielle 

We consider first the results obtained 
with low Na+ anatase samples containing 
various amounts of V205 and heated to 
600°C (Y samples). The rates of butadiene 
removal increase markedly with V205 con- 
tent up to 5% (Fig. II), due presumably 
to an increase in the area of VZOs available 
to the reactants, but thereafter there is 
little further increase, presumably because 
surface areas do not vary much with VZ05 
contents above 5% (Table 3). Activation 
energies and orders of reaction show little 
difference between APlY- and APlY- 
samples (Table 4) ; the low selectivities 
observed with 1 and 3% Vs05 arr probably 
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due to inactivation of the VZOs by im- 
purities present in the anatase, as noted 
above. Rates of reduction by CO at 450°C 
however continue to rise in the range of 5 
to 30% vzos, without there being a 
significant change in activation energy 
(Fig. 13) : The effect must t’hereforc be due 
to an increase in the fraction of surface 
active in this reaction. Increase in O2 
pressure is without effect on the rate of 
maleic anhydride formation, although it 
affects the production of CO and COZ 
considerably (Table 4) : This clearly indi- 
cates that, in common with other selective 
oxidations, the partially oxidized product is 
formed by the use of lattice oxygen while 
the nonselective reaction involves adsorbed 
oxygen species (34, $5). In the case of 
VzOb-containing catalysts, the lattice 
oxygen species in question may be the 
extralamellar atoms which are doubly 
bonded to V5f ions (36). 

The phase transformation which occurs 
on heating “pure” anatase with VzOb to 
750°C is also accompanied by a four- to 
eightfold decrease in surface area (Table 3) ; 
this goes some way to explain the lower 
activity of the B samples in butadiene 
oxidation (Fig. ll), and also in removal of 
lattice oxygen by CO (Fig. 13). However, 
while the activation energies EBD and EMA 
(Table 4) for the Y and B samples of the 
same VZ05 content are not much different, 
activation energies for reduction by CO are 
significantly higher for the B samples than 
for the Y samples (Fig. 13). It is of interest 
that the values approach each other when 
the VZ06 content reaches 30y0, since at this 
point the B samples contain some 20% 
free VZ06. 

The dependence of the rate of butadiene 
removal on VzO5 content follows a quite 
different form with the B samples (Fig. 11) : 
The activity initially rises more slowly than 
with the Y samples, passos through a maxi- 
mum at 15% VZ06, and then declines 
rapidly. Selcctivities are higher throughout. 
The activity curve to the left to the maxi- 

mum mirrors closely that for the extent of 
formation of the rutile-like Vo.ohTiO.,,Oz 
phase, and we are therefore inclined to 
say that the more highly selective but 
slower reaction occurs on this phase. This 
conclusion is supported by the fact that 
this phase contains V4f ions, and by the 
observation that catalysts containing it do 
not exhibit any induction period. The 
decrease in activity to the right of the 
maximum may be assigned to the progres- 
sive obfuscation of the binary oxide phase 
by VZOs: But we cannot explain why the 
free VzO5 which so clearly exists in this 
region is not itself catalytically active. 

The kinetic results (Table 4) may be 
generalized in the statement covering both 
types of catalyst that the selective reaction 
is about zero order in both reactants, while 
the nonselective reaction is of zero order in 
butadiene but of a fractional positive order 
in OZ. Thus there can be no fundamental 
difference in the mechanisms of the reac- 
tions over the Y and B samples. The higher 
selectivity exhibited by the latter however 
correlates clearly with their greater diffi- 
culty of reduction by CO. This constitutes 
a further instance of a greater difficulty of 
removing lattice oxygen correlating with 
higher selectivity (15, ST). If indeed as we 
believe the active phase in the more 
selective reaction is the binary oxide 
Vo.04Ti0.9602, it may be that only those 
oxide ions adjacent to V4+ ions are reactive 
both in butadiene oxidation and in reduc- 
tion by CO. This would provide an addi- 
tional reason for the lower activity of the 
B samples. 
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