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Abstract 

Different proportions of ammonium heptamolybdate (AHM) supported on ?-alumina 
were prepared by the impregnation method. The thermal decomposition stages of AHM and 
the solid products were investigated using DTA, TG, XRD and IR techniques. The results 
obtained revealed that the absence of all peaks accompanying the decomposition stages of 
AHM at low loading levels ( ~20 mol%) was due to the dispersion capacity of the support. 
On increasing the % loading of AHM, ?;-alumina retarded the formation of the two 
intermediates, (NH,),Mo,O*, 2H,O and (NH,),Mo,O,, 2H,O, while favoring the de- 
composition of the latter to produce solid MOO,. The produced MOO, readily interacted 
with A&O, above 500°C to form AI,(MoO,), phase which became highly crystallized when 
calcined at 700°C. The aluminum molybdate spine1 formed was thermally stable up to 800°C 
and then decomposed above this temperature into a-Al,O, and MOO,. Moreover, the AI,O, 
support decreased the crystallinity of MOO,, whereas A&( MOO,), only affected the surface- 
active site, Mo=O. Finally, the presence of MOO, greatly enhanced the crystallization of 
alumina into the K- and r-phases upon heating at 700 and 900°C respectively. 

INTRODUCTION 

In recent years, alumina-supported catalysts have attracted considerable 
interest because of the increasing number and variety of their industrial and 
technological applications. Many of these materials have been described as 
so-called monolayer catalysts [ 11. These catalysts are typically prepared by 
impregnation of the support oxide with an appropriate salt from aqueous 
solution. Under certain conditions, the materials formed by impregnation 
can undergo solid-state reactions during thermal treatment in which cations 
of the active component may be incorporated into the support oxide matrix. 
Stable surface compounds may thus be formed, for example surface spinels 
[2, 31. Molybdenum oxides supported on alumina are one of the most 
important classes of solid catalysts [4]. An overwhelming problem related to 
supported metal oxide catalysts is the establishment of a close relation 
between the catalytic activity and the physicochemical properties of the 
active phase [5-81. It has been reported that heating a mixture of ammo- 
nium heptamolybdate and y-alumina leads to the formation of highly 
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crystalline MOO, or A~,(MoO,)~ compounds [9, lo]. Many studies have 
been concerned with the structure of these catalysts and it appears that the 
choice of the support and its loading are the most important factors. Thus, 
the mutual effects between Al,O3 support and ammonium heptamolybdate 
during their thermal treatments still need further investigation. Therefore, 
the present work was devoted to the study of the thermal decomposition of 
ammonium heptamolybdate in the presence of y-alumina support, as well as 
to the identification of the compounds resulting from the solid-solid 
interaction between Moo3 and A1203. The techniques employed were TG, 
DTA, X-ray diffraction and IR spectroscopy. 

EXPERIMENTAL 

Materials 

The starting materials were Analar grade chemicals. y-Alumina, pre- 
pared by precalcination of Al(OH), in air at 5OO”C, was impregnated 
with different proportions of ammonium heptamolybdate (AHM), 
(NH4)6Mo,0,, . 4H20, dissolved in bidistilled water. The samples were 
dried in an oven at 100°C to constant weight. The proportions of AHM 
ranged between 5 and 40 mol%. The parent mixture solids were calcined at 
400, 550, 700 and 900°C for 5 h. 

Techniques 

Thermogravimetry (TG) and differential thermal analysis (DTA) of pure 
AHM and the various impregnated solids were carried out using a Shi- 
madzu computerized thermal analysis system DT-40. The system includes 
programs which process data from the thermal analyzer with the chromato- 
pat C-R3A. The rate of heating of samples was kept at 10°C min-’ using 
dry air atmosphere flowing at 40 cm3 min-‘. a-Alumina was used as a DTA 
reference standard. 

X-ray diffractometry (XRD) of the thermal products of pure AHM and 
of AHM supported on y-alumina was performed with a Phillips diffrac- 
tometer (PW 1010) with a Cu target and Ni filter. The diffraction patterns 
were matched with ASTM cards [ 111. 

Infrared spectra (IR) of the thermal products of pure AHM and of AHM 
supported on y-alumina were recorded from KBr discs using a Pye Unicam 
SP 3-300 spectrophotometer. 

RESULTS AND DISCUSSION 

Thermal decomposition of pure AHM and of AHM supported on y-alumina 

TG and DTA curves of pure AHM and of AHM supported on y-alumina 
are shown in Fig. 1. The DTA curve of pure AHM, ( NH4)6 MO, OZ4 ‘4 H2 0, 
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Fig. 1. TG and DTA curves of pure 
15 mol% (a), 20 mol% (b), 25 mol% 

AHM (g) and of AHM supported on y-A&O,, loading: 
(c), 30 mol% (d), 35 mol% (e), and 40 mol% (f). 
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(curve g) exhibits four endothermic peaks at 124, 202, 300 and 780°C 
respectively. The TG curve shows that AHM looses weight in four stages on 
heating up to 900°C. The first peak was followed by about 7.2% mass loss 
corresponding to the evolution of three Hz0 and two NH, molecules and 
formation of the intermediate (NH,),Mo,0Z3 2H20. The second peak, 
associated with 4.2% mass loss, corresponded to the elimination of one HZ0 
and two NH3 molecules, and formation of the second intermediate 
(NH,),Mo,0Z2 . 2H20. The third, sharp, strong peak was accompanied by 
6.9% weight loss due to the decomposition of the second intermediate to 
MOOR, with elimination of three HZ0 and two NH3 molecules [ 121. The 
formation of Moo3 shows subsequent notable thermal stability up to 
750°C. The last, sharp, strong peak centered at 780°C related to the melting 
of Moo3 [ 131; this was followed by sublimation and complete weight loss. 
In fact, pure MOO, undergoes sublimation upon heating at temperatures 
above its melting point (795°C) [ 141. 

The results of the DTA and TG curves of AHM supported on y-alumina, 
Fig. 1, curves a-f, can be summarized as follows. 

(i) The DTA curves of the samples containing low ratios of AHM 
( < 15 mol%) on y-alumina did not show any peaks corresponding to the 
decomposition of AHM, whereas the TG curves indicated a one-step weight 
loss. These results clearly indicate that the presence of the support decreases 
the energy change of the decomposed material [3] via the contact surface 
between the intermediate compounds and the support, which results in the 
decomposition being favored energetically at the expense of the decomposi- 
tion of the intermediate compounds. Moreover, it can be suggested that the 
support, which has a high surface area, may strongly affect the heat change 
that accompanies the thermal decomposition of the supported solid com- 
pound. 

(ii) On increasing to 20 mol%, AHM, two small endothermic peaks 
appeared in the DTA curves, while a one-stage weight loss was obtained in 
the TG curves. These results indicate that the decomposition of AHM on 
heating up to 400°C occurred in only two steps, instead of three steps as 
shown for pure AHM. 

(iii) On further increasing AHM up to 40 mol%, the decomposition of 
AHM into MOO, took place in three decomposition steps, as for pure 
AHM. It is worth noting that the presence of y-alumina during the 
decomposition of AHM delayed the formation of the first and second 
intermediates, whereas it favored the decomposition of the second interme- 
diate compound to solid Mo03. 

(iv) The small endothermic peak located at about 100°C is attributed to 
physically adsorbed water. 

(v) The small exothermic peak observed at 417-425°C in the presence of 
15 mol% AHM and above, may be due to change in the crystallinity [ 151 of 
MOO, in the presence of the support. 
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(vi) The small exothermic peak at about 525°C which was not accompa- 
nied by any weight loss, may be due to the solid-solid interaction between 
MOO, and Alz03 to form a new compound, Alz( MoO~)~, as follows 

3Mo03 + A&O3 = A& ( Mood), (1) 

The slight change in peak area accompanying this reaction with increasing 
AHM may be attributed to the slow rate of formation of aluminum 
molybdate and also to the small amounts formed. 

(vii) The last small endothermic peak centered at about 797°C observed 
for all mixed samples, and having a peak area that changes little with 
increased loading may be attributed to the decomposition of Al,(MoO,), 
into A1203 and MOO, [lo], according to the equation 

AL( Mood)3 w 8oo-c Al,03 + MOO, (2) 

The weight loss accompanying this stage corresponds to the sublimation 
of the resulting MOO,. It is worth noting that the peak areas accompanying 
the formation and decomposition of Al,(MoO,), are similar and little 
changed for all ratios. This observation may suggest that the formation of 
aluminum molybdate is similar to its decomposition. 

X-ray difSractometry of the thermal products of pure AHM 
and of AHM supported on :)-alumina 

X-ray diffraction lines of the products of pure AHM and of AHM 
supported on y-alumina that had been preheated in air at 550, 700 and 
900°C for 5 h are shown in Figs, 2-4, respectively. The XRD patterns of 
AHM supported on y-alumina in ratios of ~20 mol% were first recorded; 
they were found to be amorphous in nature. This clearly indicates the 
dispersing effect of the alumina support towards MOO, phase; the disap- 
pearance of all the diffraction lines of the MOO, phase [ 16, 171 can be 
attributed to monolayer dispersion of this oxide on the surface of the Al,03 
support. Figure 2 shows that the addition of 20, 30 and 40 mol% AHM led 
to the appearance of lines corresponding to crystallized orthorhombic 
MOO, phase, together with a very small amount of the orthorhombic 
aluminum molybdate Al,(MoO,), [lo] with diffraction lines located at 
d(A) = 3.40 and 4.26. Moreover, the appearance of the diffraction lines of 
Moo3 in these samples indicates the limit of the dispersion capacity of 
A&O3 and MOO, solid. 

Figure 3 shows the XRD lines of pure Moo3 and of Moo3 supported on 
y-alumina, derived from different AHM loading ratios, preheated in air at 
700°C for 5 h. All the diffraction lines corresponding to MOO, phase have 
disappeared while the diffraction lines corresponding to A~,(MoO,)~ have 
become predominant. This indicates that the molybdenum trioxide present 
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Fig. 2. X-ray diffractograms of the thermal products of pure AHM (a) and of AHM 
supported on Y-A&O,, loading: 20 mol% (b), 30 mol% (c), and 40 mol% (d). The samples 
were calcined at 550°C for 5 h. 

interacted completely with A1203 to produce well-crystallized aluminum 
molybdate phase [ 10, 121. The more intensive diffraction lines corresponding 
to Al,(MoO,), are located at d(A) = 3.80 (loo), 3.83 (65) 340 (60), 4.02 
(47) and 4.27 (37). In addition, it can be observed from Fig. 3 that some 
lines located at d(A) =2.11, 2.58, 2.79, 3.10, 1.85 and 1.64 are obtained. 
The intensity of these lines is dependent on the ratio of AHM loading. 
These lines correspond to the crystallized K-Al,O,. However, following the 
thermal treatment of Al(OH), at 500 and 700°C the XRD patterns indi- 
cated that the solid products are amorphous in nature, while the solid 
calcined at 1000°C consists of crystallized K-Al,O, together with a small 
amount of cr-A&O3 [18, 191. Thus, these results indicated that y-Alz03 can 
be crystallized at low temperature in the presence of Mo03, i.e. MOO, 
enhances the crystallization of the treated amorphous y-alumina. 

Figure 4 shows the XRD lines of AHM supported on y-A1203 in ratios 
of 20 and 40 molO/o calcined at 900°C for 5 h. The results indicate that all the 
lines corresponding to A~,(MoO,)~ have disappeared, while the lines 
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Fig. 3. X-ray diffractograms of the thermal products of pure AHM (a) and of AHM 
supported on cc-A&O,, loading: 20 mol% (b), 30 mol% (c), and 40 mol% (d). The samples 
were calcined at 700°C for 5 h. 

a 

Fig. 4. X-ray diffractograms of the thermal products of AHM supported on Y-A&O,, 
loading: 20 mol% (a), and 40 mol?/o (b). The samples were calcined at 900°C for 5 h. 
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Fig. 5. IR spectra of the thermal products of pure AHM (a) and of AHM supported on 
y-A&O,, loading: 20 mol% (b), 30 mol% (c), and 40 mol”! (d). The samples were calcined at 
400°C for 5 h. 

detected correspond to the well-crystallized cr-Al*O,. The more intensive 
lines related to cc-alumina are located at d(A) = 2.09, 2.55, 1.60, 3.50, 1.35, 
1.40 and 2.40. These results confirm the thermal analysis in which the 
weight loss obtained above 800°C related to the loss of Moo3 comes from 
the decomposition of A&( MOO,), . Indeed the color of the powder obtained 
after heating became light to dark grey (a-alumina is white), indicating the 
formation of Mo03-Al,O, solid solution. These results suggest that MOO, 
is formed from A12(Mo0,), and sublimes, partly into a gaseous phase and 
the remainder dissolves in A&O3 forming a solid solution. It is interesting to 
mention that the presence of Moo3 lowers the temperature of crystallinity 
[ 18, 191 of c(-AI~O~ from 1200 to 900°C. 

IR spectra of the thermal products of pure AHA and of AHM 
supported on y-alumina 

The IR spectra of the thermal products AHM and of AHM supported on 
y-alumina calcined at 400, 550 and 700°C are shown in Figs. 5-7, respec- 
tively. Figure 5, curve a shows that the absorption bands at 990 and 
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Fig. 6. IR spectra of the thermal products of pure AHM (a) and of AHM supported on 
y-A&O,, loading: 15 mol% (b), 20 mol% (c), 25 mol% (d), 30 mol% (e), 35 mol% (f), and 
40 mol% (g). The samples were calcined at 550°C for 5 h. 

880 cm-’ can be attributed to v( Mo=O) and v(Mo-O-MO), respectively 
[20]. For the supported samples containing AHM up to 20 mol%, the 
intense absorption of Alz03 (plateau in the 940-520 cm-’ region) obscures 
any diagnostic Mo=O frequency. On increasing the AHM content up to 
30 mol%, the two absorption bands corresponding to Mo=O and 
MO-O-MO are only vague, while on further increase up to 40 mol%, the 
spectrum obtained is similar to that of free MOO,. These results indicate 
that the bands corresponding to the surface and bulk frequencies disappear 
completely with loading of up to 20 mol% AHM. Moreover, none of the 
bands assigned correspond to the solid-solid interaction between Moo3 
and Al,03. 

Figure 6 shows the IR spectra of the thermal products of pure AHM and 
of AHM supported on y-alumina calcined at 550°C. A comparison between 
these spectra and that of pure Moo3 (curve a) and of that obtained on 
calcination at 400°C shows the following observations: the absorption 
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Fig. 7. IR spectra of the thermal products of pure AHM (a) and of AHM supported on 
y-A&O,, loading: 15 mol% (b), 20 mol% (c), 25 mol% (d), 30 mol% (e), 35 mol% (f), and 
40 mol% (g). The samples were calcined at 700°C for 5 h. 

bands corresponding to Mo=O disappeared up to addition of 30 mol% 
AHM, while they appeared again on further increase to 40 mol%; the band 
corresponding to the bulk MO-O-MO absorption was little affected by the 
support. The broad band at 900-930 cm-’ was attributed to free MOO, 
present in the bulk [21]. In addition, the XRD analysis indicated the 
formation of a small amount of Al,(MoO,),, while MOO, is the most 
abundant surface phase. Thus, it is interesting to observe that the formation 
of Al,( MoO~)~ on the surface led to the disappearance of only the surface 
active group, Mo=O. 

The IR spectra of the thermal products of pure AHM and of AHM 
supported on y-alumina on increasing the calcination temperature to 700°C 
are shown in Fig. 7. A comparison between these spectra and those shown 
in Figs. 5 and 6 reveals new absorption bands at 900, 560 and 440 cm-’ on 
addition of 20 mol% AHM. These new bands are attributed to the forma- 
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tion of aluminum molybdate. Also, the bands characteristic of free MOO, 
were observed. The high purity of the A~,((MoO))~ was confirmed by X-ray 
analysis and IR spectroscopy [21]. The IR spectra obtained by the KBr disc 
technique showed characteristic absorption bands at 460 cm-’ in accor- 
dance with our results. The appearance of the two absorption bands 
characteristic of MOO, on addition of more than 20 mol% suggests the 
presence of excess Mo03. However, the XRD results indicated the absence 
of all characteristic lines corresponding to the MOO, crystalline phase. The 
undetected XRD lines with respect to excess MOO, can be explained on the 
basis that the crystallinity of MOO, supported on A1,03 calcined at 700°C 
is beyond the detection capability of the XRD technique. 

CONCLUSIONS 

The following main conclusions can be derived from the results obtained. 
(i) The thermal decomposition stages of AHM are greatly influenced by 

the presence of y-alumina support. The disappearance of all AHM decom- 
position peaks on the DTA curve on addition of less than 20 mol% AHM 
results from the dispersion capacity of the alumina surface. However, on 
increasing the % loading of AHM, y-A1203 retards the formation of the first 
and second intermediate compounds yet enhances the decomposition of the 
second to produce solid MOO,. 

(ii) MOO, readily interacts with A&O3 above 500°C yielding orthorhom- 
bit A12(Mo04)3 phase which becomes well crystallized on calcination at 
700°C. The aluminum molybdate is thermally stable up to 800°C. 

(iii) Heating above 800°C leads to the decomposition of Alz( MoO~)~, 
forming highly crystalline cc-A&O, and MOO,. The MOO, produced is 
partly volatized and the remaining portion dissolves in the alumina forming 
Mo03-Al,O, solid solution. 

(iv) Also, the presence of the A1203 support decreases the crystallinity of 
MOO, while the formation of A12(Mo0,), only affects the active surface 
site, Mo=O. 

(v) Molybdenum trioxide was found to enhance strongly the crystalliza- 
tion process of IC-A~~O~ and a-A&O3 phases at 700 and 900°C respectively. 
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