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DTA, TG and DTG of  molybdovanadophosphoric acids of  the series 
Ht3+xlMo~12_x)v:,oa0"nH20 (x = 0, I, 2, 3) were carried out. The samples with the highest 
content of  water of  crystallization (n = 19-34) fuse above 40 ~ giving solutions of  
heteropolyacids which boil at 110 to 130 ~ The total loss of  crystallization water occurs below 
170-200 ~ The anhydrous acids decompose (dehydroxylation) at temperatures decreasing 
from the average value of  433 ~ for x = 0 to about 293 ~ for x = 3. For these vanadium- 
containing samples, an exothermic peak not accompanied by weight change appears at about 
450, 430 and 390 ~ for x = I, 2 and 3, respectively, indicating a transformation in the solid 
state. If x = 0, a weaker endothermic effect of  dehydroxylation overlaps with a stronger 
exothermic effect, and only one exothermic effect exists, at 435 ~ 

The catalytic properties of heteropolyacids (HPA) and their salts are of 
increasing interest, due to the fact that they are strong solid acids and, in some cases 
at least, also exhibit redox properties. Owing to their specific structure, in which the 
complex anions, usually of molecular weight above 1700 (Keggin units), are not 
interbonded and in hydrated form are separated by strongly solvated cations; small 
polar molecules such as CH3OH and C2HsOH can easily penetrate into the bulk of 
the crystallites and thereby enter into immediate contact with the catalytically 
active internal centres, similarly as occurs in zeolites [1]. The catalytic behaviour of 
H3PMo~EO4o or H4SiMo~20,~o is considered to depend in some measure on the 
pretreatment of the samples, which controlls the amount of water molecules 
contained between the complex anions and also, in the case of heating at sufficiently 
high temperature, may result in the degradation of the HPA into the component 
oxides MoO 3 and P205 or SiO2. This is why a knowledge of the thermal behaviour 
of the HPA and their salts is important from the point of view of catalysis. 

It has been shown that in the series of isomorphic dodecaheteropoly acids 
HaPXlzO4o or H4SiXxzO4o, in which X -- Mo or W, variation of the peripheral 
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elements (2") in the complex anion strongly influences such properties as thermal 
stability [2] and catalytic activity [3, 4]. In the present research, it was decided to 
study the effects of peripheral elements by gradually substituting Mo atoms by V 
atoms in dodecamolybdophosphoric acid, i.e. to study the series of samples with 
compositions given by the formula Ht3 § "nH20 (x = 0, 1, 2 or 
3). The present paper deals with the thermal behaviour of these HPA; only the first 
compound of the series, i.e. H3PMo1204o, has been investigated previously [2. 
5-8]. 

Experimental 

12-Molybdophosphoric acid, HaPMo 12040 (designated as Ha), was obtained via 
the method described by Tsigdinos [8], by boiling MoO 3 with a solution of HaPO4, 
concentrating the solution by evaporation and cooling; a yellow precipitate was 
formed. The latter was purified by recrystallization from water. 

Molybdovanadophosphoric acids H4PMollVO40, HsPMoIoV2040 and 
H6PMogV3040 (designated as H4, H5 and H6) were obtained according to 
Tsigdinos and Hallada [9] by mixing appropriate amounts of an acidified aqueous 
solution of Na2HPO4 and NaVO a with a solution of Na2MoO 4. The HPA were 
then extracted with ethyl ether. In this extraction, a heteropolyetherate was present 
as a middle layer. After separation, a stream of air was passed through the 
heteropolyetherate to free it of ether. The solid was dissolved in a small amount of 
water and the solution was concentrated by evaporation over dried molecular sieve. 
The orange (x = 1) to deep-red (x = 3) precipitate was purified by recrystallizing it 
twice more in the same way. 

The atomic ratio Mo/V for the samples was determined by X-ray microanalysis; 
a series of V2Os-MoO 3 samples obtained by fusion of the oxides were used as 
standards to obtain the calibration curve. The analytical results indicated that the 
compositions of the vanadium-containing samples corresponded to the following 
formulae: 

H3.9oMOll.loVo.9o04o (n4), H4.s6Molo.l,,Vl.a604o (Hs) 
and Hs.63Mo9.37V2.63040 (H6). 

The HPA preparations were stored in a desiccator over a saturated solution of 
NaC1 in order to obtain a constant concentration of water of crystallization. Some 
samples were also dried at room temperatute in a stream of dry air or nitrogen for 
24 h. 

Thermogravimetric investigation of the HPA samples was carried out with a 
Mettler Thermoanalyser TA-2. Samples of about 50 mg were introduced into a 
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small corundum crucible 8 mm in diameter, a-A120 a was used as the standard 
substance for thermal analysis. 

The results relating to the amount  of  "water of  constitution", i.e. the water 
considered to be bonded in the form of  acid OH groups, were compared with the 
results of  ammonia chemisorption. The latter investigation was carried out in a 
constant pressure apparatus in which the changes in the volume of  the gas phase 
were measured. The samples were outgassed in vacuum, first for 1 h at room 
temperature and then at temperatures of  150-180 ~ , chosen so as to obtain full 
removal of  the water of  crystallization without marked decomposition of  the 
anhydrous acid (temperature of  point A in Fig. 1). The adsorption of  ammonia was 
carried out at 50 ~ and 100 Tort.  At the same temperature, the samples were then 
evacuated and ammonia was again adsorbed. The difference between the amount of  
ammonia adsorbed in the two cases was taken as the amount  of  N H  3 
chemisorption, assuming that the second step involved only physical adsorption. 

 {26 

50 100 200 300 Z, O0 500 600 
Temperature, ~ 

Fig. 1 Thermal curves of sample H,/I  (Hs.6apMo9.37V2.6aO,o). Heating rate 10 deg min -~ 
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Results and discussion 

Table 1 presents the data obtained for all the investigated samples. The shapes of 
the DTA, TG and DTG curves of the samples stored over a saturated solution of 
NaCI were similar. As a typical example, Fig. 1 shows the curves obtained for 
sample I-I4/I. It is seen that the fully hydrated samples begin to lose water at 40-50 ~ 
and most of  it is given off below 170-200 ~ Such water is taken here as the water of  
crystallization. The water released at higher temperatures is assumed to be bonded 
in the form of  OH groups, as the "water of  constitution". 

Table l a  

Sample  H3/ I  II l l I  IV V H J I  II I l l  IV V 

C o n d i t i o n s  N a C I  NaC1 NaC1 a i r  NaC1 NaC1 NaC1 N 2 a i r  NaCI  

o f  p r e p a r a t i o n  + a i r  + a i r  

H e a t i n g  rate ,  d e g / m i n  5 10 10 5 5 10 5 5 5 5 

D T A  p e a k s  

E n d o t h e r m  I . . . . . .  55 57 - -  - -  - -  

E n d o t h e r m  II 112 123 120 105 124 126 118 123 98 110 

E n d o t h e r m l l l  134 150" 146" 135 a 137 d 150 a 132 d - -  126 130 a 

E n d o t h e r m  IV 153 d 167" 170 - -  - -  162 a 147 a 142 a 143 a - -  

E n d o t h e r m  V . . . . .  360 a 333 a 350 a 350 a 331 a 

E n d o t h e r m  V1 435 427 434  436 433 450 450 450  450 452 

E n d o t h e r m  VII 784 789 780 ,.at. ,.at. ..at ,.at. 766 

C o n t e n t  o f  H 2 0 ,  

molecu les  per  

K e g g i n  uni t :  

T o t a l  31.42 27.05 27.42 20.62 36.19 34.96 11.77 15.40 

W a t e r  o f  

c rys ta l l i za t ion  29.96 ,.dr. 26.01 19.37 34.25 32.28 9.92 14.01 

W a t e r  o f  

c o n s t i t u t i o n  1.46 ,.dr. 1.41 1.25 1.94 1.68 1.85 1.47 

A v e r a g e  w a t e r  

o f  c o n s t i t u t i o n  1.37 4-0.09 1.77 4- 0.20 

10.31 

8.39 

1.92 

NaC1 = s ample  s to red  over  a s a t u r a t e d  so lu t ion  o f  N a C l  

a i r  = s amp le  s to red  in a i r  

N 2 = s ample  kept  in a c u r r e n t  o f  d r y  n i t r o g e n  

d = diffuse 

* = D T G  p e a k  only  

n.d,. = no t  d e t e r m i n e d  

,,w = very weak  
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Table lb 

1703 

Sample Hs/I It III IV V H6/I I1 III 

Conditions NaCl air NaCl NaCI NaCl NaCl NaCl NaC1 

of preparation + air + air 

Heating rate, deg/min I0 10 5 5 5 5 10 5 

DTA peaks 
Endotherm I 49 40 vw 48 50 82 vw 48 52 - -  

Endotherm I1 123 107 ! 11 110 142 120 127 116 

EndothermIII  146" - -  126" 126" - -  133 d 140 a 133 a 

Endotherm IV 159 d 153 a 1394 137 a - -  146 a 156" - -  

Endotherm V 309 a 297 a 330 a 300 d 3 1 1 a  286 a 294 ~ 285 a 

Endotherm VI 419 410 414 416 421 395 396 391 
Endotherm VII 727 ,.at. ,.a, ,.~t. ,.~,. 716 ,.dr. ,,.~t. 

Content of  H20 

molecules per 

Keggin unit: 

Total 37.48 24.91 33.31 35.94 12.12 35.71 10.03 

Water of  

crystallization 35.25 22.71 31.58 33.97 10.13 33.26 7.44 

Water of  

constitution 2.23 2.20 1.73 1.97 1.99 2.45 2.59 

Average water 

of  constitution 2.02 4- 0.20 2.60 4- 0.I 5 

Depending on the initial water content of the samples, four to seven well- 
reproducible DTA peaks could be 9bserved. With the exception of exothermic peak 
VI, all of them were endothermic. DTA peaks II-V were accompanied a loss in 
sample weight, which resulted in the appearance of analogous peaks in the DTG 
curves. In some cases, only DTG peaks were observed. The sensitivity of the 
apparatus was apparently not high enough to detect the parallel effects in the DTA 
curves. Such cases are appropriately indicated in Table 1. 

The DTA peak at 55 ~ for sample H4/I and at similar temperatures in other cases 
corresponded to the partial or total fusion of the sample, or rather to its dissolution 
in its own water of crystallization, which was also observed visually in separate 
experiments. This peak was not observed for samples H g - H 6 ,  which partially lost 
water of crystallization when dried in air, as shown in Fig. 2 for sample H6/III. 
Generally, the molybdovanadophosphoric acids did not exhibit this peak if their 
content of water of crystallization was below 14 H20 molecules per Keggin unit. 
This peak was also absent for samples of molybdophosphoric acid (x = 0). In this 
case, visual observation indicated that in the fully hydrated sample the beginning of 
partial fusing occurred after heating above I05 ~ All the fused samples released 
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Fig. 2 Thermal curves of sample H6/III (Ha.9oPMo 11.1oVo.9oO4o). Heating rate 5 deg min -1 

water, as shown by the TG and DTG curves in Fig. 1. Visual observation revealed 
boiling of the liquid at about 120 ~ which is why we interpreted the DTA peak at 
126 ~ in Fig. 1 as being connected with the evaporation of water from the saturated 
solutions of the HPA. This point was also accompanied by a break in the TG curve 
and a slowing-down of the further loss in weight. 

The appearance of two subsequent peaks in the DTA and DTG curves, at 150 
and 162 ~ in Fig. 1, indicates that the departure of the remaining water of 
crystallization is not continuous and involves two lower hydrates. However, the 
two endothermic effects strongly overlap and it is difficult to give the exact 
compositions of the hydrates. 

As may be seen from Table l, the total amount of water of crystallization depends 
on the treatment of the sample. Under standard conditions, when samples were 
kept over a saturated solution of NaCl, the amount of water of crystallization was 
distinctly higher in the case of molybdovanadophosphoric acids (about 35 H20 
molecules per Keggin unit) than in the case of molybdophosphoric acid (26 to 30 
H 2 0  molecules per Keggin unit). This may be due to the fact that in hydrated HPA 
protons released by acidic OH groups form hydrated complexes situated between 
anions formed by Keggin units [1]. The increasing number of OH groups in 
vanadium-containing molybdophosphoric acid may enhance the formation of such 
complexes and hence more water is bonded as water of crystallization. 

When the samples are further heated after the water of crystallization has been 
lost, a plateau is observed in the TG curve; this is nearly horizontal in the case of 
slow heating (5 deg min-1), but inclined in the case of more rapid heating 
(10 deg min- 1), as is to be seen in Fig. 1. The composition of the product remaining 
after the departure of the water of crystallization was determined from the point of 
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intersection of tangents to the portions of the TG curve adjacent to its bending. The 
decomposition of the anhydrous HPA started at temperatures which depend on 
the amount of vanadium introduced into the Keggin unit. It began at 414-425 ~ and 
was characterized by fiat weak DTA and DTG peaks in the case of preparation H3,  

but for H 6 it began at about 250 ~ and was accompanied by DTA and DTG peaks at 
about 290 ~ . These data indicate clearly that the introduction of vanadium into the 
Keggin unit of 12-molybdophosphoric acid reduced the thermal stability of the 
HPA. The endothermic peak at 360 ~ in Fig. 1 is followed by an exothermic one at 
450 ~ The latter is not accompanied by a change in weight of the sample, which 
indicates some phase transformation. The departure of water molecules must 
necessarily be connected with the loss of some oxygen atoms from the Keggin unit. 
However, this need not be equivalent to the collapse of the structure of the HPA, as 
has been pointed out by Moffat [2]. Most probably, such a collapse is signalled by 
the exothermic peak. However, this'peak may also be a result of spontaneous 
decomposition into the component oxides. In the case of sample n 3 ,  the 
molybdophosphoric acid, which releases its water of constitution at a much higher 
temperature than that for the vanadium-containing HPA, the exothermic process 
occurs simultaneously with the dehydroxylation. In this case, instead of two DTA 
peaks, such as peaks V and VI itt Fig. 1, only one exothermic peak is observed. 
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Fig. 3 VzOs-MoO 3 phase diagram. Points H3, H 4, H s and H6 show the fusion temperatures of the 
phosphorovanadomolybdenopolyacids 
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The number of acid OH groups calculated from the amount of water of 
constitution as determined thermogravimetrically, is lower than that expected; it is 
equal to 2.74, 3.54, 4.04 and 5.20, instead of 3.0 for H 3 and 3.90, 4.86 and 5.57 for 
samples H 4, H s and H6, respectively, as calculated from the chemical com- 
positions. This may be due to partial dehydroxylation before the departure of the 
residual water of crystallization. On the other hand, the above data are in better 
agreement with the amount of chemisorbed ammonia, the molar ratio NH3/OH 
being 1.18, 0.962, 0.85 and 0.86 for samples H 3 to H6, respectively. The values of 
0.85 and 0.86 obtained for the least thermally stable samples H 5 and H 6, 
respectively, indicate that partial decomposition of the HPA occurred during the 
outgassing of the samples before the sorption of ammonia. The conditions of 
sorption of ammonia on such samples should therefore be studhed in greater detail. 

In a few cases, thermogravimetric analysis was extended to the temperature of 
fusion of the totally dehydrated product. It is interesting to observe that the 
temperatures of fusion given by the DTA peaks are in good accordance with the 
liquidus curve of the V2Os-MoO 3 phase diagram [10], as shown in Fig. 3. 
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Zusammenfassung - -  An MolybdovanadophosphorsS.uren der Formel Ht3 +x~Mo~12_ ~)V~O~0 ' nH20 
(x = 0, 1, 2, 3) wurden DTA-, TG- und DTG-Untersuchungen durchgefiihrt. Die Proben mit dem 
gr6Bten Kristallwassergehalt (n = 19-34) schmelzen oberhalb 40 ~ und liefern damit Lfsungen von 
Heteropolysfiuren mit einem Siedepunkt zwischen 110 und 130 ~ Der vollst/indige Verlust des 
Kristallwassers erfolgt unterhalb 170-200 ~ Die wasserfreien S/iuren zersetzen sich (Dehydroxy- 
lierung) bei Temperaturen mit einem Durchschnittswert von 433 ~ fiir x = 0 bis herab zu 293 ~ ffir 
x = 3. Bei diesen vanadiumhaltigen Proben tritt fiir x = 1, 2 und 3 bei den Temperaturen 450, 430 und 
390 ~ ein exothermer Peak auf, der yon keinem Gewichtsverlust begleitet wird und somit auf eine 
Struktur/inderung des festen Zustandes hinweist. Bei x = 0 wird ein st/irkerer exothermer Effekt yon 
einem schwficheren endothermen fiberlagert und es existiert bei 435 ~ nur ein exotherrner Effekt. 
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PealoMe - -  FlpoBejIen~I ) ITA,  TF  n ] I T F  ncc3e~loaanaz MOan6~enaaHa~Ioqbocqbopn~ax ~UCJIOT o6mefi  

qbopMym,l H3+xMOlE_xVxO,o.nH20 , r~e x = 0, 1, 2, 3. O 6 p a 3 u u  c Harl6om, mrlM co~lepxanvleM 

rpHCTa212IH3allrlOnHOfi BO)IbI (n = 19-34) I13IaB~ITC~I ablme 40~ ~IaBaa paCTBOpbl FeTepOIIOYIIIKHC3IOT C 

TeMnepaxypaMn Knneiarla 110-130 ~ Be3BOllHlale gltC.rlOTbI pa3JiaragoTcz (~lerH~tporcnJiripoaaane) npn  

cpe~meM 3naqeurm reMnepaTyp OT 433 ~ a a a  x = 0 Jlo 293 ~ )I~Z x = 3. ~J ia  aTnX a a n a ~ n ~ c o a e p x a m r l x  

o6pa3uoB a raoxepMnqecrn~  nnr ,  n a 6 a l o a a e u u , ~ ,  COOTBeTCTaenno, npn  340, 430 H 390 ~ ~l~z x = 1, 2, 3, 

ne c o n p o a o x I l a e x c a  noTepe~ Beca, qTO yra3slBaeT Ha qba3oaoe I lpeapamemte  B rBep~oM COCTOflHnH. 

1-1prt x = 0 6o~ee c ~ a 6 u ~  aH~oTepMnqecrnfi aqbqberT )IermlporcnJIr ipoBannz IIeperpt,  IaaeTc~ 6oJiee 

CHSIbHBIM 3K3OTepMHqeCrnM adpdperTOM, BC.rle~ICTBIIn qero Olt TO.rII~KO H Ita6nlo~laeTc~ nprl 435 ~ 
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