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Physicochemical properties of bismuth vanadate catalysts with varying compositions, 
e.g., Bi4VeO21.6�89189 Bi6V2014.3 H20; BieV4019-6 H20 have been 
studied by chemical analysis, differential thermal analysis, thermogravimetry, infrared, 
X-ray diffraction, surface area and magnetic susceptibility techniques. 

The endotherms, in all the cases, prior to exo ones are due to stepwise dehydration 
and those following exochanges are due to decomposition of adsorbed impurities, 
sintering and melting, etc. The last endopeak, in all the cases, however is due to melting. 
The exochanges are attributed to stepwise phase transitions. The V--0 stretching in all 
the compounds is characteristic of polyvanadates. Two types of vanadium-oxygen 
bonds e.g., V = O and V - - O -  V are characterized by IR analysis. The fresh first and 
third vanadates are amorphous whereas the second one is crystalline. The exochanges 
(presumably due to disorder-order transitions) are suggested to be related to displace- 
ment of oxygen anions. The precipitated vanadates are similar with their corresponding 
solid state reaction products of Bi203 and V~O 5 when they are heated at elevated 
temperature. The fresh as well as treated vanadates are diamagnetic. These systems 
display maximum surface area at the temperature corresponding to complete dehydra- 
tion. The composition of the precipitated vanadates is not ultimately defined by Bi/V 
ratio and the binary compound consequently formed. 

Oxides o f  vanadium,  molybdenum,  and related elements find frequent use as 
�9 catalysts. The application o f  V20 5 for the oxidation of  aromatics has 
been known for a considerable t ime: the oxidation o f  naphthalene and o-xylene 
to phthalic anhydride and of  benzene to maleic anhydride have been applied in the 
indust ry  for some decades. Somewhat  more  recent is the discovery of  the selective 
ox ida t ion  o f  olefins. 

Maxted an Coke [ 1 - 3 ]  reported on the oxidation of  a number  of  aromatic  
hydrocarbons  over bismuth vanadate  (BV) catalysts while Milas and Walsh [4] 
worked  on the oxidation of  furan derivatives. Stamicarbon observed that  these 
type of  catalysts were quite active for oxidation o f  isobutene at 400 ~ [5] and of  
propylene  at 500 ~ [6]. Literature on the physicochemical properties of  BV cata- 
lysts is meagre. According to Levy [7] BiVOx, Bi4V3Ox, etc. undergo the format ion 
o f  a new phase on being thermally treated. Smolyaninov and Belyaev [8] studied 
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the ternary system Bi203-  V 2 0 5 - P b O .  In the BizO z -  VzO 5 range they found the- 
following compounds:  7 BizO3-VzOs, m.p. 955~ BiVO~, m.p. 958 ~ phase tran-- 
sitions at 200-250~ Bi~(VzOT)z, decomposition temp. 830 ~ phase transitions at 
200-280~ Bi(VO~)3, decomposition temp. 720 ~ phase-transitions at 2 0 0 - 2 8 0  ~ 
Quarashi et aL [9] reported that BiVOa is orthorhombic with a = 5.33, b = 5.06,. 
c = 12.2 A; Z = 4, Space group Pnea. Roth et aL [10] observed that or thorhombic  
BiVO 4 was converted to the monoclinic form by prolonged heating at 500 ~ 
Literature survey reveals that bismuth vandates are catalytically active within the 
temperature range 2 9 0 - 5 0 0  ~ [1 - 6 ] .  Thus, it appears that the catalytic actions of- 
these catalysts are related to their thermal characteristics. No systematic investiga- 
tions on the thermal properties of BV have been reported so far. The present study 
was undertaken in order to obtain information on the physicochemical properties 
of  BV with varying compositions using differential thermal analysis (DTA),  
thermogravimetry (TG), infrared (IR) spectroscopy, X-ray diffraction (XRD),  
surface area (BET) and magnetic susceptibility techniques. 

E x p e r i m e n t a l  

Preparation of the catalysts 

The bismuth vanadates of  varying compositions have been prepared by copre-  
cipitation method by adding ammonium metavanadate to bismuth nitrate in so- 
lution. The choice of  precipitation conditions was determined by the following 

criteria: 

Table 1 

Preparation of Bi-vanadate catalysts 

Catalyst Bismuth nitrate soln. 
aicidified 

with nitric 
acid, g/ml 
of water 

(A) 

BV 2/3 48.5/400 

BV 3/1 19.4/400 

BV 3/2 33.96/300 

Ammonium 
metavana- 
date soln. 

g/ml of 
water 
(n) 

34.9/300 

34.9/300 

1.17/50 

Mode of 
addition; 

m l a t a  
time 

(A) ~ (B) 

50 

25 

20 

pH of the 
final 

mixture 

6.0--7.0 

6.0--6.5 

6.0--7.0 

Chemical 
formula 

Bi4VtO2a " 6NH 8 
H20 " 1�89 

BitV2014 �9 
�9 3 H20 

BitV~Ola " 
" 6 H20 

Composition 

Bi-- 53.26, V-- 
19.16 
H~O-- 6.8, NHz-- 
1.5 

Bi-- 76.72, V-- 6.24 
H20--3.33 

Bi-- 65.67, V-- 
-- 10.92 H20-- 6.03 

1 BV 2/3 signifies bismuth vanadate of Bi/V ratio, 2/3 
In all the cases, the pH of the final mixture was maintained by adding ammonia solution 

and the precipitates were digested for 45 rain. at 60 ~ Then they were allowed to settle, filtered 
off and washed with hot water and ultimately dried in an air-oven at 110 ~ for 24 hr. 
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(i) Evaporation of the solution was avoided in order to prevent precipitation oF 
pure hydroxides 

(ii) Precipitation pH was kept low in order to avoid precipitation of Bi(OH)3 and 
(iii) Control of the degrees of polymerisation of V anions was made by adjust-. 

ment of pH, temperature of precipitation and concentration of vanadium and bis-- 
muth ions. The details of the preparation of all the vanadates are summarized in 
Table 1. 

Chemical analysis of the catalysts 

Vanadium: V ~+ in solution was analyzed by redox titration with Mohr's salt 
in H2SO ~ using diphenylamine-phosphoric acid indicator. Bismuth: Bi 3+ in solu- 
tion was analyzed as Bi203 by precipitation with H2S in acidic solution and calci-k 
nation at 500 ~ . 

Water and ammonia: These contents were determined using Coleman nitrogen,_ 
carbon, hydrogen Analyser. 

Physicoehemieal properties of the catalysts 

DTA of all the vanadates were carried out in air as well as in nitrogen atmos-- 
phere, using a manually-operated DTA apparatus [11 ]. The sample holder was a 
cylindrical nickel block with two holes of 0.86 cm diameter each. ~-A120 z served 
as a reference material. Sample weight was 500 mg in all the cases. TG of all the 
systems were carried out in a Stanton Mass Flow Thermobalance, Model MFH-5, 
with a programmed heating rate of 6.5 ~ rain in air. Sample weight was 100 mg- 
in each case XRD patterns of all thevanadates obtained using a Philips diffractom- 
eter with nickel-filtered CuK~ radition. The setting was the same as described in 
ref. [11]. 

IR spectra of all the samples were taken in nujol medium using a grating infrared 
spectrophotometer (Perkin-Elmer Model 257). Surface area of all the samples 
was determined by low temperature nitrogen adsorption BET method. 

Gram susceptibilities (xg) of all the samples were determined by Faraday  
method at 300 K using Hg[Co(NCS)4] as calibrant. 

Preparation of the samples 

The samples were prepared by calcination of the vanadates at the following 
DTA transition temperatures in air for 2 hr in each case. 
Bismuth vanadate (Bi/V = 2/3): 110 ~ 140 ~ 260 ~ 310 ~ 400 ~ 600 ~ 720 ~ 

or (BV 2/3) 
Bismuth vanadate (Bi/V = 3/1): 110 ~ 210 ~ 320 ~ 370 ~ 570 ~ 630 ~ 

or (BV 3/1) 
Bismuth vanadate (Bi/V = 3/2): 110 ~ 190 ~ 300 ~ 400 ~ 530 ~ 

or (BV 3/2) 
A fused bismuth vanadate sample was prepared by igniting a mixture of Bi20 z and: 
V205 (ratio, 2/3) at 600 ~ in air for 8 hr. 
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Results and discussion 

Bismuth Vanadate (2/3) or BV 2/3 

_Preparation and chemical analysis 

The composition of  this vanadate is established as Bi4V002i �9 6 {  HeO " 1�89 NHn. 
An  attempt was made to prepare a bismuth vanadate of Bi/V = 1/3. But on chem- 
ical analysis of  the compound Bi/V was found to be 2/3 instead of 1/3. The same 
,discrepancy was observed in the preparation of lead vanadate (an analogue of 
bismuth vanadate) by Bhattacharyya et aL [12]. Thus, the composition of the pre- 
cipitated bismuth vanadate catalyst is not ultimately defined by the Bi/V ratio and 
~he binary compound consequently formed. 

Thermal analysis 

The results of thermal analysis of bismuth vanadate (2/3) is shown in Table 2. 
D T A  and T G  curves of this vanadate are shown in Fig. 1. DTA curve shows that 
the vanadate undergoes endothermic (endo) changes at 110-260 ~ (flat), 420 -460  ~ 
,(flat), 665 ~ 928 ~ and exothermic (exo) changes at 305 ~ and 190 ~ In nitrogen at- 
mosphere endo peaks are observed at 225 ~ 510 ~ 745 ~ and exo peaks at 325 ~ and 
460 ~ The TG curve registers a total weight-loss of  about 6.2 % within the tempera- 
1ure range 110-290  ~ which corresponds to the removal of six molecules of water 
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DTA I I ~ \ 
, 

'*------'L15O~ ' i ! I ,i ;! I 
�9 ,.,~ j ~ s2s* 

745o 

100 ZOO 300 40O 500 6OO 7O0 S00 900 1000 
Temperature j ~ 

Fig. 1. DTA and TG of bismuth vanadate (2/3) in air and nitrogen atmospheres 
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Table 2 

Results of thermal analysis (DTA and TG) bitmuth Bi-vanadates 

2 3 7  

C a t a l y s t  
Atmo= 
sphere 

DTA Transitions 

Endother-miCteo~ "'peak Range ~176 temp., ] ExothermiCpeaKoCmP.,_ Rangeo~f temp., 
TG transitions, 
weight-loss, 

BV 2/3 

BV 3/1 

BV 3/2 

Air 

N 2 

Air 

N~ 

Air 

150 
fiat 
665 
928 

225 
510 
745 

130 

210 
475 
125 
220 
530 

185 
290 

fiat 
575 
864 

110--290 
420--600 
640-- 690 

210--295 

710--760 

110-:175 

385--535 
110-- 190 

480--570 

110--205 
215--320 

385--565 

305 
390 

325 

460 

275 

360 
320 

400 

330 

365 

290--310 
320--400 

300-- 340 

210--330 

270--390 

390--420 

290--350 

6.2, at 130--290 ~ 
1.2, at 290--310 ~ 

1.1, at 110--240 ~ 

0.99, at 240--300 ~ 

2.5, at 110--205 ~ 

1.8, at 215--320 ~ 
2.0, at 320--520 ~ 

a n d  one molecule  o f  a m m o n i a  f rom one molecule  o f  the vanadate .  Therefore,  the 
fiat  peak  at  1 1 0 - 2 6 0  ~ is due to  this reac t ion  

- H~O 
Bi4V6021 " 6�89 H 2 0  �9 1�89 N H  z ~ N - N ~  Bi4V6021 " �89 H20  " �89 NHz  

In  n i t rogen a tmosphere  all  the exo peaks  are  re ta ined  with slight shift in t rans i t ion  
tempera ture .  

l n f r a r e d  analys i s  

I R  spectra l  da t a  o f  all  the samples  are  shown in Table  3. The significant bands  
observed  at  9 5 0 -  720 cm -1 are assigned to  the  V -  O stretching as observed in the  
case o f  po lyvanada te s  [13]. The  other  bands  at  3 5 0 0 - 3 2 0 0  cm -1 account  for  
O - H  s t re tching and  those  at  2 3 5 0 - 2 3 0 0  cm -1 are due to  combina t i on  modes  o f  
the  bend ing  with  v ib ra t ion  mode  o f  water .  The  bands  at  1 6 2 5 - 1 5 8 0  cm -1 are  
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Table 3 

IR espectral data of Bi-vanadate samples 

BV 2/3 110 
BV 2/3 140 
BV 2/3 260 
BV 2/3 310 
BV 2/3 400 
BV 2/3 600 
BV 2/3 720 
BV 3/1 110 
BV 3/1 210 ~ 
BV 3/1 320 
BV 3/1 370 
BV 3/1 570 
BV 3/1 630 er 
BV 3/2 110 
BV 3/2 190 
BV 3/2 300 
BV 3/2 400 -- 
BV 3/2 530 

3420 mb, 3200 rob, 2300 vw, 1620 mb, 1150 vw, 950 vw, 775 sb 
3420 rob, 3200 rob, 1625 rash, 1150 vw, 945 vw, 895 wsh, 780 sb 
3500 mb, 1625 msh, 960 vw, 770 mb. 
1005 sb, 830 vw 
1010 ssh, 830 mb 
1320 vw, 1150 vw, 1010 ssh, 800 vw 
1320 wsh, 1150 wsh, 1025 wsh, 1010 rob, 800 vw. 

3400 wb, 2340 rash, 1620 wb, 1320 vw, 1150 wb, 1010 vw, 720 mb. 

3540 wb, 3200 mb, 2320 wb, 1620 wb, 1155 wsh, 1130 wsb, 1060 wsh. 
2320 w, 1150 w. 

2340 wb, 1150 wsh, 720 rob. 

3400 vw, 2320 vw, 1150 vw, 720 rob. 
3400 vw, 2320 vw, 1150 vw, 830--650 sb. 

2320 vw, 1580 vw, 800--650 wb. 

890 wb, 780 wb. 

Visually estimated intensities: v-very, s-strong, m-medium, w-weak, b-broad, sh-sharp 

assigned to H - O - H  bending and those at 1150-1130 cm -1 to V - O - H  
bending. The V - O  stretching modes observed at two distinct regions 1000-901) 
cm -1 and 7 8 0 -  720 cm -~ indicate that there is one short VO bond at each vanari- 
dium atom with the remaining VO bonds being appreciably longer and more vari- 
able. Thus, vanadium is Bi4V~O21 may coordinate with either five or six oxygens, 
existing in the form of Zig-Zag chains of VO~ octahedra, joined at centres to form 
corrugated sheets of layered structures. Table 3 indicates that this vanadate is 
completely dehydrated at a temperature less than or at 310 ~ Thus, the endo peaks 
prior to exo-ones are due to stepwise dehydration. The band at 1005 cm -1 in the 
spectrum of BV 2/3 310 may be due to the presence of  excess ammonium metavan- 
adate in the sample. However, the band at 1025 cm -1 of the sample BV 2/3 721) 
is due to V - O  stretching of V205 or lower valent vanadium oxides [13]. It is 
evident from Table 3 that the common bands of all the samples undergo little 
shifting as a function of calcination temperature. It may be due to the removal o f  
adsorbed oxygen at higher temperatures, 

X-ray analysis 

The results of  X-ray analysis of  various BV 2/3 samples are shown in Table 4. 
The XRD patterns of BV 2/3 110 and BV 2/3 140 samples were too vague to allow 
any identification. It appears that these samples are amorphous. The XRD pat- 
terns of  BV 2/3 260 exhibit the lines with d = 3.177, 2.324, 1.918, 1.806 and 1.713 
which indicate the presence of excess NH4VO 3 (d = 3.17) or y-Bi~O 3 (d = 3.17) 
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Table 4 

X-ray powder data Bi-vanadate (2/3) samples 

239 

BV 213 110 BV 2/3 260 BV 2[3 400 BV 2/3 600 BV 2/3 720 
BV 2/3 140 

6.525 vvw 
6.525 vvw 
5.543 vvw 
5.333 w w  

4.762 vvw 

3.755 

2.282 

6.829 

1.713 m 

BV 2/3 310 

 XJ, 
6.726 w w  

m 

m w  

m s  

s 

m s  

s 

v w  

1.596 ms 

ax r ~ 

5.837 vvw 

4.762 
4.520 
4.387 
3.819 

3.724 
3.412 
3.177 
2.923 
2.746 
2.651 
2.533 
2.464 
2.312 

2.115 
2.069 
1.973 
1.933 
1.918 
1.865 
1.809 
1.769 
1.707 s 
1.677 vvw 
1.639 mw 
1.571 m 
1.542 ms 

5.837 vvw 

5.333 vvw 
5.032 vvw 
4.762 ms 

4.387 ms 
4.102 vw 

3.412 vw 
3.216 vw 
3.083 vs 
2.923 ms 
2.651 ms 
2.547 m s  

2.249 ms 
2.175 w w  
2.115 ms 

1.973 mw 
1.933 m 
1.910 ms 

1.809 ms 
1.707 s 

1.639 vw 
1.571 ms 
1.542 ms 

ax 1 ,  

5.837 vvw 

m s  

v s  

m s  

v w  

, v w  

v w  

v w  

v s  

8 

m s  

m s  

m s  

m s  

s 

m s  

m 

m 

m s  

m 

w w  

1.707 s 
1.639 m 

1.571 m 
1.561 ms  

dA -- In terplanar  spacing in angstrom unit. 
I - visually estimated intensities: vs-very strong, s-strong, ms-medium strong 
m-medium, row-medium weak, w-weak, vw-very weak, vvw-very very weak. 

in  t h e  s a m p l e .  T h i s  p a r t i c u l a r  l ine  w i t h  d = 3 .177 m a y  a l so  b e  a n  i n d i c a t i o n  f o r  

t h e  i n t e r a c t i o n  b e t w e e n  N H 4 V O  3 a n d  B i ( O H )3  a t  260  ~ I n  t h e  s p e c t r u m  o f  B V  2/3  

310  a n u m b e r  o f  c h a r a c t e r i s t i c  l ines ,  viz. w i t h  d = 4.762,  3 .177 , 2 .923,  2 .547,  

4* J. Thermal Anal. 15, 1979 



240 SINHAMAHAPATRA, BHATTACHARYYA: PROPERTIES OF BISMUTH VANADATE 

2i.375, 1.973, 1.933, 1.7t3, 1.596 appear whereas the XRD patterns of BV 2/3 400 
indicate the presence of almost all the lines except the shifting of the most character- 
istic line with d = 3.177 to d = 3.083. On the basis of d values of vanadium com- 
pounds available in ASTMfile, the presence of the line with d - 4.762 is attributed 
to HsV6016 (ASTM card no. 11-368). XRD patterns of BV 2/3 600 are almost 
similar with those of BV 2/3 400. The only notable difference is the appearance of 
d = 3.177 line and missing of the line with d = 3.08. The presence of the line 
with d = 4.387 may be due to the formation of VzO 5 (d = 4.38, ASTM card 
No. 9-148) by decomposition of adsorbed vanadate impurities. XRD patterns of 
BV 2]3 720 indicate the presence of VO0. 2, VO0. 9, V205, etc., along with the pres- 
ence of a characteristic line with d = 3.155. The DTA curves may be interpreted 
in the light of the X-ray powder data. It is certain that the fresh BV 2/3 sample is 
amorphous or dis-ordered. However, at the temperature at which the exo peaks 
appear in the curve, the crystal structure becomes slightly ordered. It appears that 
on heating the reversion' from dis-ordered state to ordered state takes place with 
evolution of thermal energy. Thus, the exo changes at 305 and 390 ~ are due to 
stepwise d i sorder -  order transitions. This conclusion is confirmed by the registra- 
tion of negligible weight-loss in the TG curve in this temperature range as well as 
by the retention of exo peaks in nitrogen atmosphere. Smolyaninov et al. [8] al- 
ready reported about th~phase transition of Bi~(V2OT) 3 at 2 0 0 -  280 ~ and decompo- 
sition at 720 ~ Levy [7] also observed that BiVOx, Bi~V3Ox, etc., undergo the for- 
mation of a new phase on being thermally treated. Roth et al. [10] observed the 
conversion of BiVO~ (orthorhombic) to monoclinic BiVO~ by subjecting it to 
prolonged heating at 500 ~ . 

Magnetic susceptibility measurements 

All the BV 2/3 samples are diamagnetic. The various colour centres developed 
in course of thermal treatment, may, thus be due to reorganisation of the defects 
or displacement of oxygen anions which is typical in oxidation catalysts. 

Surface area measurements 

Surface areas (m2/g) of some of the BV 2/3 samples are the following: 
BV 2/3 260 - 23.5; BV 2/3 290 - 30.6; BV 2/3 310 - 29.5; BV 2/3 400 - 9.8; 

BV 2/3 500 - 36.8. 
These values indicate that BV 2/3 is completely dehydrated at 290 ~ The maximum 
surface area corresponds to complete dehydration and the surface area gets reduced 
stepwise due to a series of phase changes. The higher surface area at 500 ~ may 
be due to the presence of various oxides of vanadium at this temperature. 

Summarizing all the findings, the thermal changes in BV 2]3 can be expressed 
as follows: 

J. Thermal AnaL 15, 1979 
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Bi4V~O21 " 6�89 H20 " 1�89 NH~ 
Yellowish brown 
(disordered form) 

6000 - 4 2 0  
- -  Bi~V6Ozl 

+ Unidentified 
Products 
Yellow 
(ordered form) 

9 1 8  ~ 
�9 Bi~V60~l 

+VOo.2 
VOoo 
VOz etc. 

l i o - 2 ~ o  ~ 29o-3~o o 
Bi4V6Ozl 

- 6 � 89  H20 Greyish yellow 
- 1�89 NHs (less ordered form) 

4 0 0  - 300  ~ 
Bi4V6Oga ~ - -  Bi~V6021 * - ~  
+H3V6016 + I-IsV6016 (trace) 
- ~BizO~ Bright yellow 
Yellow (ordered form) 
(ordered form) 

> Melting 

Bismuth vanadate (3/1) or BV 3/1 

Preparation and chemical analysis 

The composition of  BV 3/1 has been established as Bi0V2014 �9 3 H20. An at- 
tempt was aimed at achieving a BV of Bi/V = 2/3 but on chemical analysis of  the 
finished product Bi/V ratio is found to be 3/1 instead of 2/3. The same discrepancy 
was observed for BV 2/3 compound. 

Thermal analysis 

The results of DTA and T G  of BV 3/1 are shown in Table 2. DTA and TG curves 
are shown in Fig. 2. In the DTA curve, a sharp endo peak appears at 130 ~ followed 
by one endo dent at 210 ,  one broad exo peak at 275 ~ an endo hump at 350 ~ and 

c 

~o 

~2  
3 

o 
- 4 

rG  

- {. I T [ � 9  l [ p9o5 
~oo 2oo 300 ~oo 5oo 600 7oo 8o0 9oo 1ooo 

Temperature i ~ 

Fig. 2. DTA and TG of bismuth vanadate (3]1) in air and nitrogen atmospheres 
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an  exo peak at 360 ~ There appears again one endo dent  at 385 followed by a flat 
endo peak at 3 8 5 - 5 3 5  and  a sharp endo change at 905 ~ In  ni t rogen atmosphere 
there occurs a considerable shift in all the t ransi t ion temperatures.  The first two 
endo peaks appear  at 125 and  220 ~ and  other endo changes, at  420 and  530 ~ 

The T G  curve represents a gradual  and  slow weight-loss at 1 1 0 -  500 a moun t i ng  
to 3.33 % which corresponds to the removal  of three molecules of water f rom one 
molecule of  BisV2Ol~ �9 3 H20.  The weight-loss at different temperatures  is calcu- 
lated and  the following sequences are obta ined by stoichiometric considerat ions:  

up to 240 ~ 
Bi6V2Ol~ �9 3 H 2 0 - -  �9 Bi~V2014 �9 2 H~O 

-- H20 1 
- H~O 2 4 0 -  300 ~ 

Bi6V2Ol~ 3 0 0 -  500 ~ BinV~Ol~ �9 HzO 
- H~O 

No weight-loss has been observed in  the T G  curve after 5 0 0 .  

In fared analysis 

I R  spectra data  of all the samples are shown in Table 3. The bands  in the region 
1 0 0 - 7 2 0  cm -1 are assigned to V - O  stretching characteristic of polyvanadates.  

Table 5 

Results of X-ray analysis of Bi-vanadate (2/3) prepared 
by solid state reaction between Bi203 and V205 

dA I dA I dA I dR I 

4.5706 
4.2643 
3.0328 
2.8657 
2.5657 
2.5136 
2.2278 
2.1038 
1.9811 
1.9569 
1.9329 
1.9061 
1.7966 
1.7059 
1.6715 
1.6412 

I - -  

wbr 
W W  

VVS 

W 

VVW 

VVW 

w.br 
w m  

v w  

v v w  

m 
m 
w.br 
v s  

VVW 

VVW 

1.5718 
1.5291 
1.4576 
1.4124 
1.3703 
1.3393 
1.2978 
1.2665 
1.2537 
1.2397 
1.1814 
1.1667 
1.1312 
1.1094 
1.0598 

mbr 
ms.br 
VVW 

VVW 

VVW 

vw.br 
VVW 

mw.br 
m w  

m w  

w.br 
w 
w.br 
w.br 
w.br 

1.0249 
0.9999 
0.9925 
0.9843 
0.9689 
0.9587 
0.9469 
0.9365 
0.9110 

(?) 
0.8892 
0.8864 
0.8770 
0.8713 
0.8658 
0.8443 

w.br 
w.br 
VVW 

VVW 

VVW 

VVW 

VVW 

VVW 

vvw.br 
(?) 

vvw.br 
vw.br 
vw.br 
m w  

m w  

w 

0.8401 
0.840l 
0.8155 
0.8093 
0.8067 
0.8052 
0.8005 
0.7990 
0.7914 
0.7887 
0.7862 
0.7799 
0.7768 

W 

W 

m w  

w 

W 

w 

w 

W 

W 

W 

w 

W 

W 

Interplanar spacing in angstrom unit. 
Visually estimated intensity, vvs -=- very very strong; vs = very strong; ms = me- 

dium strong m = medium; mw ----- medium weak; w m =  weak medium; w = 
weak; vw = very weak vvw = very very weak; br ----- broad. 
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The assignment of  other bands will be the same as done for BV 2/3 samples. IR 
data do not indicate any sort of  decomposition at any stage of  thermal treatment 
upto 630 ~ 

X-ray analysis 

The results of X-ray analysis of various BV 3/1 samPles are shown in Table 6. 
Contrast to fresh BV 2/3 sample, BV 3/1 110 sample is well crystalline. A number 
of characteristic lines appear in the diffractogram of BV 3/1 110 sample as is evident 
from Table 6. The X-ray powder data indicate that dehydration and phase transi- 
tions in this vanadate is concurrent. Dehydration starts at 110 ~ and ends at 500 ~ 
whereas stepwise phase transitions start at 275 o and end at 570 ~ The emergence 
of a strong line with d = 3.177 is accepted as an indication for the formation of a 
new phase. The same line was found to appear in the XRD patterns of BV 2/3 
260 sample. This characteristic line is found to shift to d = 3.083 at 370 ~ calcina- 
tion temperature with enhanced intensity. This change may be due to the re- 
orientation of  BV 3/1 lattice. This reorientation continues upto 570 ~ as is revealed 
by the shifting of d = 3.083 line to d = 3.05. The same line is retained in the XRD 
patterns of BV 311 630 sample. Thus, the exo peaks at 275 ~ and 360 ~ are due to 
phase changes. 

Magnetic susceptibility measurements 

All the BV 3/1 samples are diamagnetic. The various colour centres developed 
in course of thermal treatment may be due to reorganization or dislocation of 
defects, etc., which are typical in this class of  catalysts. Summing up all the obser- 
vations the thermal changes in BV 3/1 system can be expressed by the following 
scheme of reactions: 

110 -  240 ~ 2 4 0 -  300 ~ 
BirVzO14 �9 3 HzO -H-~20 ' BinV2014 " 2 H20 -H-~-~O ~ BirV2014 "H20 

Crystalline Crystalline more crystalline 
light orange yellowish orange bright yellow 

$ 370 ~ 

BirV2014 �9 H20 
more crystalline 
bright yellow 

5 0 0 -  570 ~ 425-- 5 0 0  ~ 
- - - B i r V 2 0 1 4  �9 BirV2014 �9 
I 630 ~ more crystalline crystalline 

light orange 

BirVzOl~ 9~176 ~ melting 
most crystalline 

deep orange 

Bismuth Vanadate (3/2) or BV (3/2) 

Preparation and chemical analysis 

The composition of BV (3/2) is established as BirV4019 �9 6 H20. 
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Table 6 

X-ray powder data of  

BV 311 110 BV 3/1 210 BV 311 320 

aA t as  z aA z 

6.928 

5.837 

4.870 
4.430 

3.663 
3.412 
3.177 
3.042 
2.923 

2.746 

2.575 

2.271 
2.050 
1.918 
1.865 
1.823 
1.788 
1.672 
1.622 
1.510 
1.466 
1.418 
1.358 

vvw 

w w  

ms 
m 

VS 

V W  

V V W  

W W  

m s  

vs 

ms 
ms 
ms 

6.726 
5.914 

4.870 
4.430 

3.663 
3.412 
3.149 
3.042 

2.885 
2.776 

2.575 

2.259 
2.175 
2.042 

VVW 
VVW 

ms 
vw 
4387 

vs 
vvw 
vw 
vw 

ms 
s 

ms 

ms 
vw 
mw 

5.837 

4.870 

4.102 
3.991 
3.887 
3.634 
3.177 

2.905 

2.730 
2.575 
2.439 
2.375 
2.271 
2.124 
2.078 

VS 

m s  

v w  

V W  

m 

m s  

m s  

V W  

m 

1.918 
1.865 
1.809 
1.689 
1.612 

m s  

s 

m s  

m 

m 

1.988 
1.873 
1.823 
1.707 
1.617 

VW 

m s  

VW 
VW 
VW 
VW 
VS 
S 

m s  

S 

m s  

v w  

V W  

V W  

m w  

m w  

m w  

S 

m s  

m s  

I l l  

d/~ -- In terplanar  spacing in angstrom unit. 

T h e r m a l  ana lys i s  

T h e  r e s u l t s  o f  t h e r m a l  a n a l y s i s  o f  B V  3/2  a r e  s h o w n  i n  T a b l e  2. D T A  a n d  T G  

c u r v e s  a re  s h o w n  i n  Fig.  3. I n  t h e  D T A  curve ,  t w o  s h a r p  e n d o  c h a n g e s  a re  o b s e r v e d  

a t  185 ~ a n d  290  ~ f o l l o w e d  b y  t w o  s h a r p  exo  p e a k s  o f  d i f f e r en t  m a g n i t u d e s  a t  320 ~ 
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Bi-vanadate (3/1) samples 

BV 311 370 BV 311 570 BV 3/1 630 

d]~ I d~ I 

5.837 

4.870 
4.565 
4.387 

3.887 
3.634 

3.083 

2.923 
2.746 
2.575 

2.271 
2.124 
2.060 
1.910 
1.865 
1.809 
1.707 

w w  
5.672 

ms 4.713 
vw 
vw 

vw 
vs 3.755 

vs 3.050 

ms 
s 2.779 
ms 2.575 

2.533 
ms 2.238 
w w  2.115 
w 1.973 
m 1.949 
s 1.873 
mw 1.802 
m 1.707 

1.666 
1.626 
1 . 5 7 1  

1.546 

VVW 

m s  

VW 

VS 

m s  

m s  

m s  

m s  

m s  

m s  

S 

m 

m s  

S 

m w  

m w  

m w  

m s  

5.837 

4.713 

4.387 

3.819 

3.693 
3.412 
3.050 

2.923 

2.720 
2.651 
2.533 

2.400 
2.352 
2.249 
2.124 
1.957 
1.933 
1 . 9 1 0  

1.809 
1.707 
1.649 
1.622 
1.592 
1.409 

VVW 

S 

VW 

w 

mw 
m 
vs 

ms 
ms 
ms 

m w  

w 

m s  

m s  

m s  

m s  

m s  

m s  

s 

m s  

s 

s 

m 

I - -  visually estimated intensities: vs-very strong, s-strong, ms-medium strong, row- 
medium weak, w-weak, vw-very weak, m-medium, ww-very very weak. 

a n d  365 ~ A f iat  e n d o  p e a k  appea r s  a t  385 - 565 ~ f o l l o w e d  by  an  e n d o d e n t  a t  575 ~ 
T h e  las t  e n d o  p e a k  is, howeve r ,  no t i c ed  a t  864 ~ 

T h e  T G  cu rve  o f  B V  3]2 r e c o r d s  a t o t a l  we igh t - los s  a m o u n t i n g  to  6.3 ~ a t  

1 1 0 -  520 ~ w h i c h  c o r r e s p o n d s  to  the  r e m o v a l  o f  six mo lecu l e s  o f  wa t e r  f r o m  o n e  

m o l e c u l e  o f  Bi6V4019 �9 6 H~O. T w o  w e a k  a n d  less def ined  p l a t e a u x  a p p e a r  in  t h e  
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TG curve at 110-320 ~ suggesting the possibility of formation of two intermediate 
stages in the course of dehydration. But after 320 ~ there is a continuous weight- 
loss upto 460 ~ followed by slow weight-loss till 625 ~ From the projection of the 
peaks of the DTA curve on the T G  curve, the following sequences are suggested 
by stoichiometric considerations for the dehydration process: 

E u 

"o 

E o 

> 
o 
(9 

4 

2 330 ~ 
0 -DTA ~ 65~ ~ / ~  

-6 18s* W \ . / 
-8 - 290* k~ ] ~ 5 .  

- 1 0 -  

0 -  

2 

~ 3 
4 

._~ 
~ I I I t [ I I 1 I 

100 200 300 zOO 500 600 700 800 900 1000 
Temperature ~~ 

Fig. 3. DTA and TG of bismuth vanadate (3/2) in air 

Bi6V~O19 " 6 . H 2 0  
1 1 0 -  205 ~ 
- 2  H 2 0  ' Bi6V4Ola " 4 " H 2 0  ~ l  

- 2 ~ H 2 0  215-320  ~ 
3 2 0 -  520 ~ 

Bi~V4019 < - 2 H20 BieV4019 �9 2 H20 

Infrared analysis 

IR :spectral data of all the BV 3/2 samples are shown in Table 3. The bands in 
the region 890-650  cm -1 are assigned to the V - O  stretching characteristic of 
polyvanadates. The other bands may be assigned as done in the earlier cases. 
The strong band of BV 3/2 190 sample at 830-650  cm -1 appears to be coupled 
with frequency, characteristic of water. This band becomes very weak when the 
compound is heated at 400 ~ At 530 ~ BV 3/2 is completely dehydrated as is re- 
vealed by the absence of the bands, characteristic of water in the spectrum of  BV 
3/2 530 sample. Two bands at 890 and 780 cm -I  at this stage are indicative of 
V -  O stretching of the polyvanadates. 
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X-ray analysis 

X-ray powder data of  BV 3/2 110 sample indicate that crystal structure of BV 
3/2 is completely dis-ordered, i.e. amorphous. This amorphous nature is retained 
upto 290 ~ At 530 ~ the structure of BV 3/2 is almost ordered as is revealed by the 
presence of strong lines with d = 3.1051 (characteristic), 2.7756, 2.5815 and 1.9750 
etc. Thus, the exochanges at 330 ~ and 365 ~ are due to d isorder -order  transitions. 

Magnetic susceptibility measurements 

All the BV 3/2 samples are diamagnetic. No colour change of this compound 
was visible althrough the investigation. Summarizing all the data, the thermal chan- 
ges in BV 3/2 can be expressed as follows: 

110-  205 ~ 2 1 5 -  320 ~ 
BisV4019- 6 H20 - 2  H20 '  Bi6V4019 " 4 H20 - 2  H20 

(dis-ordered form) 
864 ~ 3 2 0 -  520 ~ 

Mel t ing,  -- Bi6V4Ola , Bi6V~O19 �9 2 H20 
- 2 H20 

(almost ordered form) 

Solid state reaction between Bi2Oz and V20 s 

Bi20 a and V204 were mixed in the ratio 2 : 3, fused at high temperature and used 
for comparison. The compound prepared by this method, has been found to have 
the composition Bi4V0021 or 2 Bi203 �9 3 V205. The results of X-ray analysis of 
this compound as shown in Table 5 indicate that its crystal structure is essentially 
the same as is observed in the case of BV 2/3 400. Thus, it is certain that solid 
state reaction between Bi20 a and V205 components takes place in our BV samples 
and the strong line with d =  3.03 - 3.17 may be an indication for the same. 
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R~suM~ -- Les propri6t6s physico-chimiques des catalyseurs au vanadate de bismuth, de 
diverses compositions, par ex. Bi4V6021 �9 6 �89 H20 �9 1�89 NHz, Bi6V2014 �9 3 H 20, Bi6V4Ola �9 6 HeO, 
ont 6t6 6tudi6es par analyse chimique, analyse thermique diff6rentielle, thermogravim6trie, 
spectroscopic infrarouge, diffraction des rayons X, mesures de surfaces sp6eifiques et de. 
susceptibilit6 magn6tique. 

Dans tous les cas, les ph6nom6nes endothermiques qui pr6c6dent ceux de nature exothermi- 
que sont dus b. la d6shydratation par 6tapes; les ph6nom6nes endothermiques qui suivent ceux~ 
de nature exothermique sont dus aux impuret6s adsorb6es, au frittage, /t la fusion, e t c . . .  
Cependant, le dernier pic endothermique est toujours dO ~t la fusion. Les changements exother- 
miques sont attribu6s h des transitions de phases par 6tapes. La d6formation V--0  dans tous, 
les compos6s est caract6ristique des polyvanadates. Deux types de liaisons vanadium-oxyg6ne, 
par ex. V = O e t  V-- O--  V ont 6t6 caract6ris6s par analyse infrarouge. Le premier et le troisi6- 
me vanadate, fraicbement pr6par6s, sont amorphes alors que le second est cristallis6. Les. 
ph6nom6nes exothermiques (probablement dus gt des transitions d6sordre-ordre) sont sans 
doute en rapport avec le d6placement des anions oxyg6ne. Les vanadates pr6cipit6s -- si on le~ 
chauffe jusqu'gt une temp6rature 61ev6e -- sont similaires aux produits correspondants, 
obtenus par r6action b. l'6tat solide entre Bi203 et V205. Les vanadates fraichement pr6par6s 
ainsi que ceux qui ont subi un traitement thermique, sont diamagn6tiques. Ces syst6mes 
montrent une surface spdcifique maximal6/t la temp6rature correspondant/t  la d6shydratation 
compl6te. La composition des vanadates pr6cipit6s n'est pas finalement d6finie par le rapport. 
Bi/V et le compos6 binaire form6 par la suite. 

ZUSAMMENFASSUNG - -  Die physikalisch-chemischen Eigenschaften von Bismuthvanadat- 
Katalysatoren verschiedener Zusammensetzung, z.B. Bi4V~O21 " 6�89 H20 " 1�89 NH3; 
BieV20~4 �9 3 HeO; Bi~V40~s " 6 H20 wurden durcb chemische Analyse, Differentialthermo- 
analyse, Thermogravimetrie, Infrarot, RSntgendiffraktion, Oberfl~ichenmessung und magne- 
tische Susceptibilit/~tsmessung untersucht. In jedem Fall werden die den Exo-Anderungen 
vorangehenden Endo-~nderungen durch stufenweise Dehydratisierung verursacht und 
diejenigen, welche den Exo-Anderungen folgen, dutch Zersetzung adsorbierter Verunreinigun- 
gen, Sinterung und Schmelzen. Der letzte Endopeak ist jedoch in jedem Falle dem Schmelzen 
zuzuschreiben. Die Exo-~nderungen werden stufenweisen Phasenfiberg/ingen zugeschrieben. 
In allen Verbindungen ist die V - - O  Dehnung ftir die Polyvanadate charakteristisch. Zwei 
Typen von Vanadium-Sauerstoff Bindungen, z. B. V = O und V - - O - - V  wurden durch IR- 
Analyse charakterisiert. Die frisch synthetisierten ersten und dritten Vanadate sind amorph, 
w/ibrend das zweite kristallin ist. Die (vermutlich durch Unordnung--Ordnungs ~ber -  
g~inge verursachten) Exo-.Anderungen sind wahrscheinlich mit der Bewegung der Sauerstoff- 
Anionen verbunden. Die gef/illten Vanadate sind -- wenn sic auf hohe Temperaturen erhitzt 
werden -- ihren entsprechenden Festphasen-Reaktionsprodukten Bi~O~ und V205 fihnlich. 
Die ursprtinglichen wie die behandelten Vanadate sind diamagnetisch. Diese Systeme weisen 
die maximale Oberflache bei der ihrer vollsttindigen Dehydratisierung entsprechenden Tem- 
perature auf. Die Zusammensetzung der geftillten Vanadate wird letzten Endes nicht durctl 
ihr Bi-V-Verh~iltnis und die in der Folge entstandene Bintirverbindung bestimmt. 
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Pe31oMe - -  ~br1314KO-XrlM~a~ieo~e CBO~CTBa B~CMyT-BaHa~IaTHLIX IcaTa~ll3aTopoB pa3nrlq~IOrO CO- 
CTaBa, rtanp~IMep, Bi4V602t. 6.5 H 2 0 . 1 . 5  NH3; Bi6V2014 �9 3H20; BisVaO~s. 6H~O 6 S l ~  rl3y~e- 
.Ht,I XHMHHeClCJ~M aHaYlH3OM, ~14qbqbeperm~aas~rM TepMllqecKaM aHaa1430M, TepMorpaBrLMeTplIe~, 
/4K c14eKTpOCKOm4e~, pe14TreHo-~rlqbqbpa~t~oarmlM MeTO~OM, onpe~e~ermeM rIOBepXHOCT140fi 
1LrlOIL~a~[ lI MeTO)IOM MaFItltTHOffI BocnpH14MqHBOCT](. BO Bcex cYty~Iaflx, 3H2IO143MetteHI451 }IO Ilep- 
BOFO 143 3K30143MeHeHIO~I~ o~ycJIOBYie14bI CTyfferi~aTo~ )~er1421paTalk14efi, a nocne~Iyro~ae 3R3OH3- 
Me14eHm~ o6ycYtoB~r pa3zlo)Ke14HeM a)lcop6HpOBaHnblX npuMece~, c~eKaH~eM, nnaB~em4eM rI 
T. ~. O~HaKO rlOCJIe]IHH~ 3H)IOIIHK Bcer~a 06ycnoBsie~ 14z~aBaeH14eM. ~)I(30a3M~14eHa~ OTHeCeltLI K 
~cTyrletVtaTblM ~a3oBblM rlepexo~aM. Bo Bcex coe~naeanax V---O BaJIeHTHBIe ~oae6ana~ xapa~- 
Tep143yIOT nOa~Baaa~aT~i. C nOMOm~m HK c~erTpoc~orma oxapaKTep~30Baa~i ~Ba T14na 
. cs~3e~ Ba~a~m~-~14r V = O n V - - O - - V .  CBexenparoToBne14~ie 14epB~ ~ TpeTrva ~a-  
Ha~aTbr .'/BJI~IIOTC.q aMopqbmblM~, B TO BpeM~q KaK BTOpO~ - -  xp~cTaaar~ecra~.  YIpe:l~onoxe~o, 
'tTO 3K30143MeH~HIL~I (IIO-B14~14MOMy, 06yc~o~nensl nepexo~aM~ 6ec140p~o~-140p~)xor) ~on~o~I 
.6blT~, CB~t3aH~,I CO r anllOHOB racnopoaa.  O c a ~ e n a s i e  aaga~aTsi no~o6usi COOTBeT- 
,cTByto~M pear t~ormr,  iM ripo~yr~aM, 140YlyKe14HBIM B pe3yymTaTe TBep~oTe~IbHO~ peaKi~rt~ 
Bi2Oz 14 V~O~ rrpa aarpeBe nx rrp14 noBl, Imerrao~ TeMriepaxype. KaK c~e~renpnroro~er t r~e ,  TaK n 
'o6paSOTaHHble BaHa~aT/,l ~B~ImOTC~ )114aMarH14THblMrl. ~Trl C14CTeMI, I Yloxa3/,IBaIoT MaKclIMyM 
IIOBepXHOCTHOffl II~IOIJla~H 11p14 TeMrlepaType, COOTBeTCTByIOILIe~ I~X IlOYI14Ofi ~erlJ~paTaH~I. 
'CocTaB oca~eHHblX Ba14a~aTOB B KOHeq/IOM c~IeTe He oIlpe~eYi~IeTr COOTHOIIIeIIHeM Bi/V, 8, 
~JIe~OBaTe~II,}lO, o~pa3yeTc~i 6rmapaoe coe~a~enne. 
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