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Abstract  

Mesoporous alumino-phosphoro-vanadate solids were prepared by heating precipitates of the corresponding metals 
containing ammonium nitrate salts. The materials obtained contained the elements AI : P : V=100 : X : Y, where X, Y--0, 5, 
10, 20 (16 samples overall). Thermogravimetric analysis showed that the addition of P or V in the solids influences the endo- 
and exothermicity of the NH4NO3 decomposition, driving the net result from highly endothermal at no addition of P and/or V 
to almost neutral at high addition (20%) of those heteroatoms. The activation energies, calculated according to the Coats- 
Redfern procedure, were found to increase on adding 5% of P or V and then to drop at higher addition. The order of the 
decomposition reaction drops from ~0.5 to 0 at 20% of P and/or V heteroatoms. The materials obtained had a high surface 
area (BET) which increases from 200 m 2 g-l  for pure alumina to almost 400 m 2 g 1 on addition of 5-10% of P and/or V, 
while further addition of those heteroatoms decreases the surface area to its original values. The maximum of the surface area 
appears in samples where the NHaNO3 decomposition follows almost equal endothermic and exothermic routes. © 1997 
Elsevier Science B.V. 
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1. In t roduc t ion  varying carbon chain. Such materials possess an 
extremely well-defined porosity but lack any surface 

The development of mesoporous solids with pore acidity since the organic template, which is burned 
radius 10 ,&<rp<250 ,& and well defined surface area during heating of the precursor material, destroys the 
characteristics is considered a matter of technological Br6nsted and Lewis surface acid centres. Neverthe- 
priority since such materials can be used as mem- less, such acid centres might be valuable for selective 
branes in separation technology, including ultrafiltra- adsorption and surface catalysis. 
tion, microfiltration and pervaporation applications An alternative method for the preparation of meso- 
[1,2]. Recently, Beck et al. succeeded in preparing porous solids requires the use of a non-organic mate- 
tailor-made mesoporous silicate/aluminosilicate rial like ammonium nitrate (AN) as a template. This 
solids [3,4] employing organic template agents with substance is decomposed upon heating towards gases 

(N2, H20 , NH3, N20 ) which escape from the solid 
*Corresponding author. Tel.: 00 30 651; fax" 00 30 651/44836. matrix leaving back a more or less well-defined 
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porosity [5]. What  is perhaps more important is that The preparation took place as follows: Calculated 
such materials possess a surface acidity which in the amounts of  Al(NO3)3-6H20 (Merck p.a.) and phos- 
case of  a lumino-phosphates  [6] is controlled by the phoric acid (Ferak p.a.) were dissolved in 100 ml of  
amount of  P added. Phosphorous at 10-15% addition distil led water. Calculated amounts of  VzO5 (Ferak 
increases the specific surface area of  such solids for p.a.) were dissolved in 25 ml of  25% NH3 (Ferak p.a.) 
reasons which are related to structural and thermo- and a colourless solution was obtained. This solution 
dynamic reasons [6]. The purpose of  the present work was added in the first one and then ammonia was 
is to investigate the thermochemical  characterisation added in the mixture until the final pH reached a value 
of  NH4NO3 decomposi t ion on A1-P-V matrices. The of  9.5. 
final products obtained after heating these precursors The specimens were then carefully dried at 
at T=600°C are A 1 - P - V - O  solids with high surface 105°C and then fired at 400°C for 4 h, ground and 
area and pore volumes. The vanadium has been again fired at 600°C for 4 h under atmospheric con- 
included in the study since it is a pentavalent element ditions. 
and like phosphorous is not easily incorporated into The specific surface areas of  the final products, 
alumina. So, it was decided to examine the synergistic obtained after heating the solids at 600°C for 4 h were 
affect of  those two elements on the thermochemical  determined using the multipoint  BET method in a 
routes of  NH4NO3 decomposit ion as well as the sur- Sorpty 1900 apparatus. The results are included in 
face area and pore volume characteristics of  the final Table 1. 
products obtained. The thermogravimetric analysis of  the unheated 

solids took place in a Chyo-TRDA-3H thermal bal- 
ance with simultaneous recording of  temperature (T), 

2. E x p e r i m e n t a l  thermogravimetry (TG), differential thermogravime- 
try (DTG), and differential thermal analysis (DTA). In 

The specimens used in the experiments (Table 1) all cases c~-A1203 was used as a blank and analyses 
contained the elements AI : P : V in ratios 100 : X : Y took place at a heating rate of  5°C min -1 between 20 
where X, Y=0, 5, 10, and20 ,  and 800°C under an air flow of  4 0 c c m i n  -1. 

The amount of  the sample used in experiment was 
100 mg. 

Table 1 
Composition of samples prepared, their designation, the BET 
specific surface areas (ssa) and pore volumes (Vp), of the fired 3. Resul ts  and  discuss ion 
(600°c) solids 

Sample composition Designation ssa (m 2 g 1) Vp (cc g-l) The TG/DTG results obtained during heating of  the 

AllooPoVo-AN PoVo 201 0.430 AN containing precursors are shown in Fig. 1. 
AllooPoVs-AN PoV5 270 0.446 From this figure it can be seen that in all cases the 
AllooPoVIo-AN PoVlo 302 0.497 weight loss takes place at ~300°C.  That means that 
AllooPoV2o-AN PoV2o 177 0.456 the products of  decomposit ion of  AN, which can 
AI~ooPsVo-AN PsVo 245 0.518 proceed according to one or some of  the following 
AllooPsVs-AN PsV5 353 0.703 
AllooPsV~o-AN PsVlo 359 0.833 reactions, 

AllooPsV2o-AN PsV2o 286 0.743 NH4NO3 ---+ NH3 + HNO3 
AllooPloVo--AN PioVo 320 1.192 
AllooPIoVs-AN PloV5 386 1.146 A H  = +176  kJ mo1-1 (1) 
AllooPloVlo-AN PxoVlo 322 1.109 
AllooPloVzo-AN PloV2o 305 1.020 NH4NO3 ----+ N20  + 2H20 
AllooP2oVo-AN PzoVo 239 0.928 
AIIooP2oVs-AN PzoV5 336 0.475 A H  = --38 kJ tool - t  (2) 

AllooPzoVlo-AN P2oVlo 258 0.358 NH4NO3 --+ N2 + 2H20 + ½02 
AI looP2oV2o -AN P2oV2o 200 0.245 
AN - Ammonium nitrate. A H  = -- 120 kJ m o l -  1 (3) 
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Fig. 1. TG/DTG curves for the AllooPxVr-AN solids. The designation for each sample is shown in Table 1. 
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are removed from the AI -P-V-O containing matrix at one where the endo- and exothermic routes of AN 
about the same temperature leaving back a porous decomposition are almost matched. 
solid. The rate of decomposition can be described by the 

Nevertheless, although the AN is decomposed at so-called Coats-Redfern equation 
about the same temperature, there is an appreciable dc~ 
differentiation as to the mode of the decomposition d-t-= k(1 -c~) n (4) 
which might be exothermal or/and endothermal 
depending on the sample, as shown in the DTA results where c~ is the percent weight loss at time t, n the 
in Fig. 2. reaction order and k the constant usually considered to 

In this figure we observe, in all samples, two initial show an Arrhenius-type dependence on the tempera- 
small endothermic peaks, centred around 140 and ture, k = Aexp(-E/RT). Eq. (4), after integration and 
180°C and due to the phase transition of AN from taking logarithms becomes 
Type II to type I structure and to its melting point 
correspondingly. Following those two peaks there is a log[  1 - (1 - a)l-~ 1 AR[ ~ _ ]  
large endothermic and/or exothermic signal due to the 7"2(1 ~ = og ~ 1 - 
AN decomposition. In Fig. 3 there is a graphical E 
presentation of the maximum temperature where 2.303RT (5) 
these DTA peaks, corresponding to the phase transi- 
tion, the melting point as well as the temperature for n ¢ l ,  whereas, for n= l  the left side reduces to 
where the endothermic peak and the exothermic peaks log[-log(1 - c~)/T2], where b is the heating rate 
appear, given in deg min -1. 

From this figure we observe that the phase transition Eq. (5) can be plotted in the form of 
of the parent material, without P or V, appears at log{[1 - (1 - c~)l-n]/T2(1 -- n)} vs. 1000/Tin order 
138°C as compared to 130°C given in the literature for to find the activation energy of the process. It has been 
the pure material. Addition of vanadium seems to shown in Fig. 5 using a computer program, similar to 
inhibit the phase transition by a few degrees to that described by Dhav [7] and applied in similar case 
141-142°C. Subsequent addition of phosphorous previously [8,9], in order to determine the optimum 
(5-10%) decreases the temperature of transition to values of n resulting in the best correlation coefficient 
137-139°C while further addition (20%) increases it r. 
by a few degrees. Fig. 6 shows the obtained apparent activation 

As far as the melting point is concerned, it appears energies E (kJ/mol), calculated according to this pro- 
at 183°C in the parent material AI10oPoVo-AN as cedure as well as the corresponding order of the 
compared to 170°C for the pure NH3NO4 compound reaction n. 
given in the literature. Addition of phosphorous seems It can be seen that the values of E are clustered 
to result in a systematic decrease of it by almost a around 110+20 kJ/mol. No apparent trend appears as 
regular rate of around 0.3 deg/gr-at of phosphorous on a function of P and/or V. The reaction orders n lie in 
the average. In Fig. 3 there is also the variation of the the region 0-0.6 with a clear tendency for higher 
maximum temperature of the exo- and endothermic values at lower addition of P and/or V, which approach 
peak with P and V. The general trend is that of a zero at 20% addition of P and/or V. 
decrement brought upon both phenomena by the The specific surface areas (ssa, m2g l) of the 
addition of either P or/and V. Fig. 4 also shows the resulted solids as well as the obtained pore volumes 
variation of the enthalpy of the exothermic and (cc g 1), using the BET procedure, are indicated in 
endothermic peaks as well as their ratio as a function Fig. 7 as a function of heteroatoms P and V. 
of addition of P and/or V. From this figure it is clear that the addition of 

From this figure it is apparently clear that the phosphorous at ~10% levels, at steady addition of 
addition of phosphorous as well as vanadium trans- vanadium, increases the specific surface as well as the 
forms the phenomenon of AN decomposition from a pore volume of the final solids. Addition of vanadium 
mainly endothermic (reaction 1) to an almost neutral on the other hand, at steady addition of phosphorous, 
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Fig. 2. DTA curves for the AllooPxVr-AN solids. Designation similar to Fig. 1. 
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Fig. 3. Variation of max imum temperature of the exo (dashed line) Fig. 4. Enthalpy corresponding to endo- (a, b) and exothermic 

and endo (sol id l ine) effect  of NH4NO3 decomposi t ion in effects (c, d) of Al looPxVr-AN decomposition. The ( - A H )  values 
were calculated from the corresponding peak area. (e, f) ratio of  

AllooPxVv matrices (a, b), of the melt ing point of NH4NO3 (c, d) 
endo/exo peaks as a function of P and V content at the solids. ( O ,  

and of the phase transition of NI-IaNO3 (e, f). ( O ,  O )  - 0%, (?q, 
0 )  - 0%, (El,  I I )  - 5%, ( A ,  , )  - 10% and (0 ,  0 )  - 20%, open 

U )  - 5%, (ZX, A )  - 10% and (0 ,  O )  - 20%, open symbols for symbols for vanadium and black for phosphorus. 
vanadium and black for phosphorus. 

action of phosphorous protecting the stability of other 
increases only the surface area at 5% doping, while its high surface area mesoporous materials has been 
influence on the pore volume is negligible, recently observed [10]. In the past, the development 

The maximum values of the specific surface areas of the surface area of similar solids has been indeed 
achieved by these materials which approach 350- related to the mode of the thermal decomposition of 
380 m2 g- l  as well as the pore volume which is higher precursors [11]. The action of vanadium might be 
than 1 cc g-1 make such solids promising for adsorp- explained along similar lines, in other words creation 
tion studies. The phenomenon of synergy between P of oligomeric species which stay on the external sur- 
and V in influencing both the external area and the face and acting protectively as to the sintering of the 
voids created is remarkable. This synergistic action of solids. Nevertheless, the action of vanadium itself is 
the two pentavalent elements P and V is not well less profound as compared to that of phosphorous. It 
understood up to now. A suggestion made is that may be possible that oligo-polymeric phosphoro- 
phosphorous creates a two-dimensional oligopho- vanadates species created at certain ratio P/V on the 
sphate net on the surface of alumina, protecting it surface of alumina substrate are of increased thermal 
from collapsing to bulkier structures [5,6]. Similar stability and thus protect the structure from collapsing 
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t o  produce materials with higher surface areas. This is Fig. 7. Variation o f  the specific surface area  (a, b) and  the pore  

shown in Fig. 8 where the log of  the ratio endo/exo volume (c, d ) o f  the fired ( 6 0 0 ° C ) A l m o P x V r  solids. ( O ,  O ) -  0%,  

peak a r e a s  h a v e  been plotted versus the corresponding (12], ~ )  - 5%, ( /x ,  A )  - 10% and  ( 0 ,  4k) - 20%, open symbols  for  

specific surface a r e a s ,  vanad ium and  b lack  for  phosphorus .  

Although some points are out of  trend, the general 
p i c t u r e  i s  u n m i s t a k a b l e :  T h e  d e v e l o p m e n t  o f  h i g h  t h e r m o - e f f e c t  o f  the  NHnNO3 p r e c u r s o r  d e c o m p o s i -  
s u r f a c e  areas  in  the  e x a m i n e d  A I - P - V  s o l i d s  is  m o r e  t ion.  A c t u a l l y  a s i m i l a r  e f f e c t  has  b e e n  a l r e a d y  
o f t e n  the  r e s u l t  o f  ' b a l a n c e d '  or  a l m o s t  'neutra l '  tota l  o b s e r v e d  in a p r e v i o u s  w o r k  [ 11 ]. It i s  o b s e r v e d  that  
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