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Effect of magnesium content and metal 
vanadate formation on the catalytic behaviour 
of CUl.0-x-Mgx-V2.0 oxide/vanadate 
(0.0 < x < 1.0) system 

M. M. GIRGIS 
Chemistry Department, Faculty of Science, Assiut University, Assiut, Egypt 

The catalytic activity of the vapour-phase decomposition of 2-propanol over the 
Cul.o_x-Mgx-V2.o oxide (0.0 _< x _< 1.0) series calcined between 500 and 1000 ~ was 
investigated in the temperature range 165-375 ~ using a flow system .technique at 
atmospheric pressure. The catalysts were found to be selective dehydration types for 2- 
propanol. X-ray diffraction and scanning electron microscopy studies were used to identify the 
structural changes caused by the alcohol decomposition reaction. The activity and selectivity 
results were discussed on the basis of the electrical and/or acid-base properties of the 
catalysts, which not only depend on the sample composition, x, but also on its calcination 
temperature. A tentative reaction mechanism consistent with the obtained data has been 
suggested. 

1. Introduction 
In recent years, many workers have utilized mixed 
oxides [1, 2] and oxide solid solutions [1, 3] as model 
catalysts in an attempt to understand the mechanism 
of operation of such complex catalyst systems. Mixed 
vanadium pentoxide catalysts have been used effect- 
ively for numerous catalytic oxidation processes 
[1, 4-8]. Copper vanadates found applications in the 
oxidation of carbon monoxide [9] and the reduction 
of nitrous oxide [10]. The V-Mg-O system has been 
used for the conversion of ethylbenzene to styrene 
[11, 12] and butene to butadiene [13]. It also found 
application in the selective oxidative dehydrogenation 
of alkanes [1], propane [14] and butane [15]. 

One of the interesting mixed vanadium pentoxide 
systems is the Cul.o_x-Mgx-V2. o oxide (0.0 < x 
< 1.0) series. This system shows drastic changes [16] 

in structure, grain morptiology and electrical conduct- 
ivity with increase in either the magnesium content or 
the calcination temperature. Therefore, it will be valu- 
able to examine how these changes will affect the 
catalytic activity of these materials. 

The decomposition of 2-propanol has gained a 
prominent place as a model for studying the principles 
of catalyst selection. In connection with our previous 
studies [2, 3, 17-19] in the field of catalysis, the 
present investigation was undertaken to follow up the 
catalytic behaviour of the two end members of the 
Cul.o-x-Mgx-V2.o oxide series (i.e. at x = 0.0 and 1.0) 
calcined in the temperature range 500-1000 ~ Our 
investigation was extended to study the effect of the 
progressive increase in magnesium content 
(0.1 _< x _<_ 0.9) on the catalytic activity of these mater- 

ials. Structural changes caused by the 2-propanol 
decomposition reaction were conducted using X-ray 
diffraction and scanning electron microscopy tech- 
niques. 

2. Experimental procedure 
2.1. Materials 
All the reagents used in the present study were of 
analytical grade (BDH chemicals). The preparation of 
the catalysts under investigation was described pre- 
viously [16]. Briefly, a series of CUl.o_=-Mg~-V2. o 
mixed oxides (where x --- 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 
1.0) were prepared by mixing ammonium metavanad- 
ate with CuO and/or MgO in the ratio of 2:1. The 
parent homogeneous mixtures were calcined in air for 
5 h at 500, 700 and 1000 ~ The solids (500 ~ sam- 
ples) were slightly crushed to break up the crumbs, 
whereas the melts (700 and 1000~ samples) were 
ground into fine powders after cooling and used as 
catalysts. 

Analytical grade 2-propanol (BDH Ltd) was re- 
fluxed with sodium and distilled before use in catalytic 
runs. Its purity was verified by gas chromatographic 
analysis. Nitrogen was purified and dried as described 
elsewhere [18]. 

2.2. Characterization techniques for fresh and 
used catalysts 

2.2. 1. X-ray diffraction 
The XRD patterns of the fresh and used catalysts were 
recorded using a Philips diffractometer (Model PW 
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1710) in the range of 20 between 5 ~ and 70 ~ A Philips 
generator operated at 40 kV and 30 mA provided a 
source of CuK~ radiation (nickel filtered). The phase 
identification was based upon the authentic patterns 
[203. 

2.2.2. Scanning electron microscopy 
Scanning electron micrographs were obtained using a 
Jeol JMS-T 200 scanning microscope (Jeol, Tokyo, 
Japan). Samples were prepared by the gold sputtering 
technique described previously [16]. 

2.3. Electrical conductivity measurements 
The variation of the electrical conductivity occurring 
when the catalyst samples were exposed to 2-propanol 
vapour were measured at constant temperatures in the 
range 100-350 ~ The measurements were carried out 
with a conductivity cell described by Chapman et al. 
[21]. The temperature was controlled with a 
Digi-Sense temperature controller (Cole-Parmer In- 
strument Company, Chicago, IL). The resistance 
measurements were carried out using a 610 C Solid- 
State Electrometer (Keithley Instruments). 

2.4. Catalytic activity and selectivity 
measurements 

The catalytic activity was tested using the vapour- 
phase decomposition of 2-propanol in the temper- 
ature range 150-400~ The reactions were carried 
out in a fixed-bed flow-type integral reactor at atmo- 
spheric pressure. The exit feed was analysed by a 
direct sampling of the gaseous products (10 cm 3) into 
a Perkin Elmer gas chromatograph (Sigma 3 B). The 
flow system and technique have been described pre- 
viously [18]. Purified dry nitrogen was used as a 
carrier gas in molar feed rate 3.5 mmol h-1.2-propa- 
nol vapour was charged at space velocity W/F 
= 143.7 goat hg -lmo1-1, where W is the weight of 

catalyst (0.5 g) and F is the molar feed rate (mol h- 1). 
All analytical measurements were made after the 
establishment of a steady activity level. 

3. Results and discussion 
3.1. Studies of structural changes during 

2-propanol decomposition 
The Cul.o_x-Mgx-V2. o oxide (x = 0.0, 0.5 and 1.0) 
samples calcined at 500, 700 and 1000 ~ for 5 h were 
investigated to trace structure modifications. X-ray 
diffraction patterns were recorded before and after 6 h 
use for 2-propanol decomposition at 350~ in the 
flow method. Scanning electron micrographs were 
obtained for the samples before and after the reaction. 

reduction of copper (II) ions into lower valency states 
[22]. Also, the 700 and 1000 ~ samples show remark- 
able structural changes during the decomposition pro- 
cess. On the other hand, the XRD patterns for the 
Mgl.o-V2. o oxide catalysts show that the 500 ~ pri- 
mary oxides sample substantially changed to pyro- 
vanadate structures after being used for 2-propanol 
decomposition, whilst those calcined at higher tem- 
peratures undergo either significant (700 ~ sample) or 
non-significant (1000 ~ sample) phase changes after 
the reaction (Table I). The patterns (Table I) indicate 
that the Cuo.5-Mgo.5-V2.o oxide catalysts undergo 
remarkable structural changes after the reaction, espe- 
cially the 500 and 700 ~ samples. 

3. 1.2. Grain-morphology examinations 
Electron micrographs of the used CUl.o V2.o, 
Mgl.o-V2. o and Cuo.s-Mgo.5-V2.o oxide catalysts 
calcined at 500-1000~ are shown in Figs 1-3, 
respectively. Fig. la-c depict the morphology of the 
used Cul.o-V2.o oxide samples. Close examination of 
any particle in the 500 ~ sample (Fig. la) indicated its 
irregular and porous nature. The grains of the 700 ~ 
sample are mainly of elongated bars shape, Fig. lb. 
Focusing the examination on one particle showed that 
the large faces have significant surface roughness. In 
this respect, the picture of the 1000 ~ sample shows 
resemblance with that observed for the 700 ~ one. 
The grain morphology of the used 500-1000 ~ sam- 
pies was somewhat similar to that of the fresh samples 
[163. 

Fig. 2a shows that the used Mgl.o-V2. o oxide 
sample calcined at 500 ~ containing particles of less- 
uniform size and shape. Again, close examination of 
these particles confirmed that they were spongy and 
porous. It indicated also the presence of the fluffy [ 15] 
grains of MgO. The picture of the 700~ sample 
(Fig. 2b) shows that it possessed poorly defined non- 
porous or slightly porous grains, whereas the picture 
of the 1000~ sample (Fig. 2c) indicates that the 
grains are elongated bars of nearly rectangular sec- 
tion. The morphology of the used 500 and 700 ~ 
samples was largely different from that of the corres- 
ponding fresh sample s [16]. 

The grain morphology of the used Cue. 5- 
Mgo.5-V2. o oxide catalysts calcined at 500, 700 and 
1000~ are shown in Fig. 3a-c, respectively). This 
figure shows that the changes of the grain morphology 
characterizing the 700 and 1000 ~ samples, with the 
calcination temperature, was somewhat similar to that 
of the corresponding used CUl. o V2. o oxide samples. 
These changes were also somewhat similar to those of 
the fresh x = 0.5 samples [16] with much more signi- 
ficant surface roughness. The SEM examination res- 
ults are in agreement with the XRD patterns of the 
catalysts taken after the reaction. 

3. 1.1. X-ray diffraction studies 
X-ray analysis of the fresh and used Cu 1.o-v2.o oxide 
catalysts (Table I) indicates the appearance of Cu20 
(500 and 1000 ~ and Cu(1000 ~ in the course of 
2-propanol decomposition reaction which reflects the 

3.2. In situ measurement of electrical 
conductivity 

The electrical conductivity changes occurring when a 
catalyst is exposed to 2-propanol vapour is indicative 
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Figure i Scanning electron micrographs of the CUl.o-V2.o oxide 
system calcined at different temperatures for 5 h, after 6 h use for 2- 
propanol decomposition at 350 ~ (a) T~ = 500~ x 100; (b) T~ 
= 700 ~ x 200; and (c) T~ = 1000 ~ x "750. 

Figure 2 Scanning electron micrographs of Mg 1.o-V2.o oxide sys- 
tem calcined at different temperatures  for 5 h, after 6 h use for 2- 
propanol decomposition at 350~ (a) T~ = 500~ x 75; (b) T c 
= 700 ~ x 100; and (c) T, = 1000 ~ x 750. 

for electron transfer. In situ electrical conductivity 
measurements in ambient 2-propanol vapour atmo- 
sphere have been carried out on the catalyst samples at 
100-350 ~ The conductivity data obtained at 350 ~ 
for the Cul.o-V2.0, Cuo.s-Mgo.5-V2.0 and Mgl.0-V2. 0 
oxide samples calcined at 1000 ~ and those obtained 
for the Mgl.o-V2. o oxide sample calcined at 500, 700 

and 1000~ are represented in Fig. 4. The constant 
values of conductivity (obtained after ~ 60 min) can be 
attributed to the attainment of adsorption-desorption 
equilibrium. The increase in electrical conductivity 
caused by the admission of 2-propanol indicates that its 
adsorption is accompanied by donating electrons into 
the surface region of the catalyst. 
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Figure 4 Variation of the electrical conductivity (log ~) values with 
time of 2-propanol admission at 350 ~ for (a) Cul.o-V2.o oxide 
sample calcined at 1000~ for 5 h; (b) Mgl.0-V2.o oxide sample 
calcined at 1000~ for 5 h; (c) Cuo.5-Mgo.5-V2. o oxide sample 
calcined at 1000 ~ for 5 h; (d) Mgl.o-V2.o oxide sample calcined at 
500 ~ for 5 h; (e) Mgl.o-V2. o oxide sample calcined at 700 ~ for 
5h. 

Figure 3 Scanning electron micrographs of Cuo.5-Mgo.s-V2. o ox- 
ide system calcined at different temperatures for 5 h, after 6 h use for 
2-propanol decomposition at 350 ~ T~ = 500 ~ x 500; (b) Tc 
= 700 ~ x 350; and (c) To = 1000 ~ x 500. 

3.3. Catalyst activi ty measurements 
3.3. 1. Effect of  reaction temperature on the 

catalytic activity and dehydration 
selectivity of 2-propanol over 
Cu~.o-V2. o and Mg~.o-V2. o 
oxide catalysts 

The effect of  reac t ion  t empera tu re  on the reac t ion  
p roduc t s  was s tudied  first ly using the two end mem-  
bers, i.e. Cul .o -V2.  o and  Mgt .o -V2.  o oxide catalysts ,  

84  

calc ined at  500, 700 and 1000 ~ The reac t ion  temper-  
a ture  was raised to the selected t empera tu re  in a 
150 ml m i n -  1 (NTP) s t ream of n i t rogen before admis-  
Sion of 2 -p ropano l  to the reactor .  Exper iments  were 
car r ied  out  at  var ious  fixed t empera tu res  ranging  
from 165-375~  at  a to ta l  flow rate  of 5.8 
x 10 - s  mol  min  -1 (NTP).  The  s teady state was at-  
ta ined  after ~ 2 h. I t  was found that  p ropy lene  is the 
main  reac t ion  p roduc t  with a m i n o r  yield of 
ace tone  in the exit feed: The  effect of  reac t ion  temper-  
a ture  on the per  cent con,~ersion, yields of  p ropy lene  
and  acetone,  and  selectivities towards  the d e h y d r a t i o n  
and  d e h y d r o g e n a t i o n  pa thways  [-18] over  the 500, 700 
and  1000 ~ cata lys t  samples  are represented  in Figs  5 
and  6. 
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Figure 5 Variation of (1) per cent conversion, (2) yield of propylene 
or (3) acetone and (4) selectivity towards propylene or (5) acetone 
formation as a function of the reaction temperature for the 
CUl.o-V2.o oxide catalysts calcined at (a) 500 ~ (b) 700 ~ and (c) 
1000 ~ for 5 h. 
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Figure 6 Variation of(l) per cent conversion, (2) yield of propylene 
or (3) acetone and (4) selectivity towards propylene or (5) acetone 
formation as a function of the reaction temperature for the 
Mgl.o-V2. o oxide catalysts calcined at (a) 500 ~ (b) 700 ~ and (c) 
1000 ~ for 5 h. 

3.3.1.1. Cu l . o -V  z o  oxide catalysts. The activity and 
selectivity results (Fig. 5)'can reflect the catalytic beha-  
viour  of the Cul.o-V2.o oxide samples as follows. The 
500, 700 and 1000~ catalysts are generally very 
active. As expected, an increase in the reaction temper-  
ature resulted in an increase in the per cent conver-  
sion. The  conversion increases markedly,  start ing at 

175~ and reaching a m a x i m u m  value (100%) 
ranging f rom 300-375 ~ depending on the sample 
calcination temperature ,  To. Generally,  the dehydra-  
t ion selectivity and yield of propylene  show higher 
values compared  to those of acetone. The  yield of 
propylene and the selectivity towards  its format ion  are 
higher for the 500~ sample than  for the 700 and 
1000~ ones. The  propylene selectivity passed 
through a m in imum where a m a x i m u m  in acetone 
selectivity occurred. 

Although an electronic mechanism involving the 
electrical propert ies  of the semiconduct ing catalysts is 

/ 

generally postula ted  for 2 -propanol  dehydrogena t ion  
[23], the dehydra t ion  activi ty is believed to occur 
through a mechanism involving the acid centres local- 
ized on the surface of the catalyst  [24]. The  dehydra-  
t ion activity is adop ted  as a measure  of the acidity 
[25]. Chak raba r ty  et al. [26] results showed just the 
opposite,  where the involvement  of acid centres could 
not  successfully explain the alcohol dehydra t ion  pro-  
cess over  the semiconduct ing oxide catalysts investig- 
ated [26]. The results of our  s tudy suggest that  the 
dehydra t ion  activity of 2 -propanol  m a y  also be ex- 
plained in terms of their electrical properties.  The 
relation between the electronic state of a catalyst  and 
its catalytic activity is a consequence of the fact that  
the width of the energy gap and the posit ion of the 
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Fermi level are important in controlling (i) the number 
of molecules which can be chemisorbed in the course 
of a catalytic reaction, and (ii) the nature of the 
chemical bond between the molecules and the surface 
[18, 27]. These factors simultaneously affect the activ- 
ity and the mechanism of the catalytic reaction. 

The catalytic activity of the Cu~.o-V2.o oxide sam- 
ples increases with increasing sample calcination tem- 
perature in the order: 500~ < 700~ < 1000~ 
where the conversion attained its maximum value 
(100%) at 350, 325 and 300 ~ respectively. According 
to Eucken and Hener [28] and Wicke [29], 2-propa- 
nol could be decomposed on a catalyst surface de- 
pending on the Fermi potential and the height of the 
potential barrier of the electrical field in the boundary 
layer which the electrons have to overcome during the 
exchange process. The electron which will move to the 
empty orbital will be the one with lower activation 
barrier to overcome. The activation energy required to 
move a bulk electron from one site to another will be 
given by the activation energy of polaron conduction 
[16]. Accordingly, the increase of activity with the rise 
of the catalyst calcination temperature, To, can be 
attributed to the decrease of the activation energy for 
electrical conduction, E~, with the increase of To, 
Table II. This parallelism between the decrease of 
activity with raising the activation energy barrier 
required by the bulk electrons to overcome provides a 
support for the concept that the catalytic reaction is 
controlled by electronic functions, where the ease with 
which an electron can be transported from the bulk 
seems to be of great importance in determining the 
extent of the adsorption process. 

The higher dehydration selectivity of the 500 ~ 
catalyst sample ( >  91.0%) relative to that of the 
700~ (_> 62.0%) or 1000~ (_> 67.0%) sample 
(Fig. 5) can be explained in terms of the acid-base 
properties of these materials. In this respect the XRD 
studies (Table I) indicate that copper vanadates are 
the major phases present in the fresh and used 500, 700 
and 1000~ catalysts, whereas the primary metal 
oxides are present in appreciable amounts only in the 
500 ~ sample. It is well known that vanadium oxide is 
acidic in nature, whereas copper oxide, on the other 
hand, is basic [30]. Throug.h the formation of copper 
vanadate much of the acid properties of V205 is 
removed [14]. Also, due to the higher electron density 
at the acetone carbonyl group relative to that at the 

propylene re bond, the acetone molecule is considered 
as more nucleophilic; Consequently, there is a much 
longer surface residence time for the produced acetone 
molecules on the acidic sites of the 500 ~ catalyst 
surface relative to propylene molecules, and therefore 
propylene become the major and the higher decompo- 
sition product on this sample. In addition, the high 
selectivity towards acetone formation of the 1000 ~ 
sample relative to the 500 ~ one can be attributed to 
the reduction, during the 2-propanol decomposition 
process, of an appreciable amount of copper (II) ions 
into copper (Table I) which is a well-known dehydro- 
genation centre [31]. 

Furthermore, the high selectivity of the sample 
calcined at 500 ~ towards propylene formation can 
be explained on the basis of the electrical conductivity 
behaviour in the following way. It is known that the 
hole defect structure enhances 2-propanol chemisorp- 
tion [32], according to Equation 1 

C 3 H T O H  + lel" ~ CaH7OHa~s  (1) 

whereas water desorption is favoured by a surface 
having high electron concentration [26]. In addition, 
desorption of water seems to be the most likely rate- 
determining step [26], cf. mechanism. It follows that 
the dehydration selectivity is improved by the increase 

o f  the surface electron concentration. The latter is 
higher the larger the V 4+ ion concentration, i.e. the 
higher the sample electrical conductivity, which de- 
pends on the ratio [V*+]/[V 5+] [16]. Inspection of 
the data in Table II shows that the electrical conduc- 
tion of the 500~ sample ( 3 . 7 x l 0 - 4 f ~ - l c m  -1) 
is much higher than that of the corresponding 
700~ (1.1 x 10 -4f~-  ~ cm-!) or 1000~ (0.9 
x 10 -4 D- t  cm -~) catalyst samples and, consequen- 
tly, the selectivity towards propylene formation is 
higher on the 500 ~ sample relative to that on the 700 
or 1000 ~ sample. 

3.3.1.2. Mgl.o-Vzo oxide catalysts. The catalytic ac- 
tivity of the Mg 1.o-V2.o oxide samples increases with 
the catalyst calcination temperature in the order: 
700 ~ < 500 ~ < 1000 ~ Fig. 6. The corresponding 
E, order is 500~176176 TablelI. 
Therefore, the 500 ~ catalyst shows a higher activity 
order than that expected on the basis of the conduc- 
tion activation energy data. This can be attributed to 

TABLE II Electrical conductivity, 0-, at 300~ and activation energy, E~ data [22] for the Cul.o_zMgx-V2.o oxide (0.0 < x < 1.0) 
system calcined at 500, 700 and 1000 ~ 

X 500 ~ 700 ~ 1000 ~ 

or(10 s I) -1 cm=l) Ez(10 2 eV) 0-(10 5 ~-1  cm-1) Er 2 eV) Or(105 f F  1 cm -a) E, (10z eV) 

0 37.068 13.54 11.220 12.92 8.710 8.74 
0.1 63.I96 12.31 38.905 11.95 16.218 8.60 
0.3 5.888 13.79 10.000 9.93 4.467 8.20 
0.5 1.549 14.36 562.341 8.25 1"54.882 7.60 
0.7 5.012 11.27 12.589 10.57 7.499 10.10 
0.9 0.501 14.10 2.570 13.65 5.012 13,20 
1.0 0.001 28.73 1.259 14.75 2.985 14.15 
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the intimate presence of both vanadium and magne- 9 0  
sium oxides in the fresh 500 ~ sample, Table I. In this 
sample, the role of MgO is to induce the preferential 
formation of a particular surface-exposed plane of o~ 80 
V205 on MgO substrate.[33, 34]. Vanadium oxide 
possesses a terminal V=O group characterized [16-1 by 
an infrared stretching frequency a t  1000 cm -~. As '~ 70 

e -  

shown previously [16], the surface density of V=O is _~ > 
higher on the 500~ than on the 700~ sample. 
However, there is no V=O on the 1000~ sample. 0_ 60 
Therefore, the 500 ~ sample is more active, because 
the terminal adjacent V=O groups v~ere identified by 
various techniques as the active surface sites [33, 50 
35-37]. Also, MgO is believed to increase the reactiv- 0.0 
ity of the V=O group by weakening its 
strength [6] on the exposed V20 5 plane [33, 34]. This 1 O0 - 
finding was supported by the analysis of the XRD 
pattern of the used catalyst where a transformation to 
the pyrovanadate structure occurred (Table I). ~_ 90~ 

O 

The effect of 2-propanol on log cy for these '.~ 
Mgl.o-V2.o oxide catalysts supported the results of 

g 80 catalytic activity measurement, where the electrical c~ 
conductivity changes for the 500 ~ sample are more 
pronounced than those for the 700 ~ one. The con- (a) 
duetivity change increases in the Tr order: 70 0.0 
700 ~ < 500 ~ < 1000 ~ (Fig. 4) which is consistent 
with the observed catalytic activity order of these 
samples. 

3.3.2. Effect of catalyst composition, x, on 
the catalytic activity and dehydration 
selectivity of 2-propanol over 
Cu l.o-x-Mgx-V2.o oxide system 

The effect of magnesium content, x, on the catalytic 
properties of CUl.o_xMgx-Vz. o oxide (x = 0.0, 0.1, 
0.3, 0.5, 0.7, 0.9 and 1.0) series calcined at 500 and 
700 ~ was investigated at a selected constant reaction 
temperature (300~ The values of the overall 
2-propanol conversion, propylene yield and dehydra- 
tion selectivity are plotted with respect to catalyst 
composition, x, in Figs 7 and 8. These results show a 
strong dependence of the catalytic activity and dehy- 
dration selectivity on the composition of the catalyst 
which, in turn, is largely influenced by the catalyst 
calcination temperature. 

For  the 500~ samples, the conversion (Fig. 7a) 
increases from 74.4% at x = 0.0 passing through a 
maximum value (100%) at x = 0.5, then gradually 
decreases down to 86.6% at x = 1.0. The 700 ~ sam- 
ples show a similar trend with a broad maximum 
(100%) at x between 0.5 and 0.6. The 700 ~ samples 
were superior to the 500 ~ ones at x < 0.7. This high 
activity of the 700 ~ samples (x _< 0.7) relative to the 
500 ~ ones may be attributed again to the weakening 
of the V=O bond strength and consequently the in- 
crease of its reactivity with raising the catalyst calcin- 
ation temperature [38, 39], whereas the high activity 
of the 500 ~ samples at x >__ 0.9 can be correlated to 
the increase in the surface concentration of the V = O 
species on these samples. 

The effect of catalyst composition on the yield of 
propylene (Fig. 7b) over the 500 ~ samples shows 

f ~..0 

/ t  . . . . . .  -0 . . . . . . .  u - ~  
'~ / .  ,~ �9 

0.2 0 . 4  0 . 6  0.8 1.0 
X 

f / . /  .,., 

....,/ " \  
.Os "~" �9 

I i " 1  i I i I a I 
0.2 0.4 0.6 0.8 1.0 

Figure 7 Variation of (a) per cent conversion, (b) propylene yield as 
a function of the catalyst composition, x, for the Cul.0-x-Mgx-V2.0 
oxide series calcined at ( t )  500~ and (I)  700~ for 5 h. 

1 O 0  

9O 

80 

._> 

7 0  

60 

50 
0.0 

I I I I i I I J I 

0.2 0.4 0.6 0.8 1.0 
X 

Figure 8 Variation of dehydration selectivity percentage as a func- 
tion of the catalyst composition, x, for the Cul.o zMgx-V2.o oxide 
series calcined at (0) 500 ~ and (I)  700~ for 5 h. 

that the yield decreases markedly from 70.2% at 
x = 0.0, passing through a minimum value (54.1%) 
at x = 0.3, then gradually increases up to 66.1% at x 
= 1.0. The 700~ catalyst samples show another 

trend, where the yield of propylene passes through a 
maximum at x = 0.5. Also, the 700 ~ catalyst samples 
were superior to the 500 ~ ones in the composition 
range 0.1 < x < 0.9. These catalytic activity results 
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(Fig. 7b) can be interpreted as follows. In the 500 ~ 
samples, the composition x = 1.0 represents the pri- 
mary oxides with a layer structure of V20 5 on an 
MgO substrate [33, 34]. This 500 ~ sample is active, 
because the terminal-weakened [39] V=O groups are 
active sites for 2-propanol decomposition [36, 37]. 
The decrease in activity on raising the copper content 
up to x = 0.7 can be attributed to the solid-state 
reaction with gradual formation of copper vanadates 
[16], which reduces the vanadium oxide content and 
consequently the active V=O sites. The intensity of the 
V=O stretching frequency is more pronounced in the 
fresh 500~ Mgl.o-V2. o oxide sample than in the 
corresponding Cuo.5-Mgo.5-V2. o oxide sample [16], 
which supports our catalytic results. On the other 
hand, the yield of propylene decreases from 70.2% 
on the 500 ~ CUl.o-V2.o oxide sample (i.e. at x = 0.0) 
to 57.5% and 54.1% on increasing the magnesium 
content, x, in the order 0.0, 0.1 and 0.3, respectively. 
This can be attributed to the gradual increase of the 
bond energy of the surface oxygen in the same order 
[40], because the O - C u  bond strength (82 
+ 15 kcalmo1-1) [41] is lower than that of O - M g  
(94.1 + 8.4 kcal mol-1) [4i]. The samples prepared at 
700 ~ are the metal vanadates produced by quen- 
ching the melts to room temperature. The catalytic 
activity towards propylene production increases with 
the increase of the sample magnesium content up to 
0.5, then decreases up to x = 1.0. This can be at- 
tributed to the decrease of E,, in the same order up to 
x = 0.5, followed by an increase up to 1.0, Table II. 
This provides further support to the concept that the 
catalytic reaction is controlled by electronic func~ 

The effect of catalyst composition, x, on the d e _  
dration selectivity is illustrated in Fig. 8. For the 
500 ~ catalyst samples, the selectivity decreases from 
94.5% on the Cul.o-V2.o oxide sample (x = 0.0) to 
76.0%, 68.0% and 63.0% by increasing the sample 
magnesium content in the order 0.1, 0.3 and 0.5, 
respectively. This can be correlated with the inter- 
action between MgO and V20 s according to the 
mechanism 

2MgO = 2MgrVl'" + V205 + 31OI 2- (2) 

where Mg[V['" is the Mg 2+ 'ion replacing the V 5 + ion 
in its normal lattice site and [O [2- is a lattice oxygen 
deficiency. The surface is now active in producing 
acetone, at the expense of propylene formation, 
because effective charge delocalization, which is re- 
sponsible for the dehydrogenation process, can be 
accomplished by the oxygen vacancies produced on 
the surface. In addition, the decrease of the dehydra- 
tion selectivity with increasing x in the order 
0.1 > 0.3 > 0.5 can also be explained in terms of the 
decrease of the electrical conductivity, and con- 
sequently the surface electron concentration, in the 
same order, Table II. 

On the other hand, the selectivity towards pro- 
pylen e formation decreases from 76.4% on the 
Mgl.o-Va o oxide catalyst (x = 1.0) to 67.3%, 66.0% 
and 63.0% by the gradual increase of the sample 
copper content in the (x) order 0.9, 0.7 and 0.5, respect- 
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ively. In these 500 ~ catalysts, the surface of the 
x = 1.0 sample is acidic. The decrease in the dehydra- 
tion selectivity on raising the Copper content up to 
x = 0.5 can be attributed to the gradual reduction of 
the surface acidity of the catalyst, i.e. the decrease of 
the number of acidic sites conducive to dehydration. 
The selectivity towards propylene formation is higher 
for the 700 ~ samples (at x > 0.1) relative to that for 
the corresponding 500 ~ ones with a maximum value 
at x = 0.5. Inspection of the conductivity data given in 
Table II shows that the electron conduction of these 
700 ~ samples (at x > 0.1) is higher than that of the 
corresponding 500 ~ ones with a maximum value at 
x = 0.5 and accordingly the selectivity has the same 
trend. The selectivity of the 700 ~ catalysts at x _< 0.1 
is lower than that of the 500~ ones. This can be 
correlated to the electronic as well as the acidic prop- 
erties of these samples as described above. 

3.4. Reac t ion  m e c h a n i s m  
Two general models have been used in interpreting the 
activity results: "the rigid band model" in which sur- 
face electronic states provide the possibility of electron 
transfer through semiconductivity [42-44] and the 
surface molecule model in which the catalyst activity is 
assumed to reside in specific sites [45-47]. We have 
preferred a catalytic mechanism intermediate between 
these two extremes, whereby localized adsorption 
occurs on specific coordinatively unsaturated sites, 
but electron availability occurs through electron- 
exchange interaction with nearby metal ions. 

Hauffe [273 and Wolkenstein [48] have regarded a 
catalyst as a non-structured solid phase with semi- 
conducting properties which govern the mechanism 
and the activity of the catalyst. Reactant and product 
inhibition studies were carried out on some vanadium 
oxide systems [26]. Chakrabarty et al.'s [26] results 
showed that the dehydration rates are independent of 
either the partial pressure of 2-propanol or propylene 
but they decrease rapidly on increasing the partial 
pressure of water vapour. These findings indicate that 
the desorption of propylene is a fast process and  refer 
to its poor competition for the surface. At the same 
time, the rate of desorption of water must be slower 
and it can be considered as the most likely rate- 
determining step [26]. 

The increase in conductivity caused by the admis- 
sion of 2-propanol is attributed to the transfer of 
electrons from the oxygen of the alcohol to the cata- 
lyst surface during the process of adsorption and lends 
a support to the n-type nature of these materials [3]. 
Sedlfi6ek and Kraus [49] reported that this adsorp- 
tion process on an electron acceptable centre (i.e. an 
acidic site) leads to the dehydration process. The 
presence of a basic site adjacent to an acidic site is 
conducive to alcohol dehydration [50, 51]. The sur- 
face vanadium-oxygen centres were identified by vari- 
ous techniques as the active surface sites [36, 37]. 
These acidic sites serve to activate electron-donating 
(basic) alcohol molecules by means of acid-base type 
interaction. In addition the hole defect structure en- 
hances 2-propanol chemisorption [323. This adsorbed 
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positively charged alcohol molecule represents a site 
for recombination of an electron coming from the 
forbidden band. Accordingly, and based on the avail- 
able data, one can suggest the dehydration reaction of 
2-propanol to proceed according to Scheme I [3] as 
follows: (i) 2-propanol molecule is adsorbed via the 
unpaired electrons of its hydroxyl oxygen on a surface 
active site (V" +)/or a positive hole l eb'; simultaneously 
the C - O H  bond becomes weaker [52]; (ii) the C - O H  
bond is ruptured, leaving the alcohol molecule as a 
carbonium ion, and the hydroxyl group becomes 
bound to the active centre/or the hole. The active site 
is partially reduced while the hole is destroyed as a 
consequence of the approach of the oxygen lone pair 
electrons [53]; (iii) carbonium ion rearrangement res- 
ults in the formation of propylene and the released 
hydrogen ion reacts with the hydroxyl group to form 
a n  H z O  molecule, which (iv) is desorbed. 

On the other hand, the presence of acetone as a 
minor product in the decomposition process can be 
visualized as a result of another type of surface reac- 
tion, taking place on active centres formed by pairs of 
V "+ and O 2- ions [18, 54]. Considering the different 
models proposed [54-56] for the catalytic dehydro- 
genation of alcohols, the mechanism given in 
Scheme II can be proposed. 
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