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Abstract

This paper reports a comparative study of the non-isothermal decompositions of the hetero-
polyacids HPM and HPVM, with structures consisting of Keggin units (KUs). Non-isothermal
analysis at low heating rates demonstrated the existence of 4 crystal hydrate species, depending
on the temperature. The stability domains of the anhydrous forms of HPM and HPVM were found
to be 150-380"C, respectively. Processing of the TG curves obtlained it different heating rates by
the Ozawa methed revealed that the decomposition of anhydrous HPM takes place according 1o a
upitary mechanism, whilst for anhydrous HPVM two mechanisms are observed. Thus, the first
part of the constitution waler is lost simultaneously with the departure of vanadium from the KU
as YO, while the second part is lost at higher temperatures as in the case HPM.
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Introduction

The heteropolyacids with Keggin structure hehave as bifunctional catalysts since
they possess both an acid function due to the Bronsted acidity and a redox lunction
due 1o the oxygen transfer capaciiy [1-9]. Mast frequently used are molybdophos-
phoric acid, H3PMO,;049 (HPM), and I-vanado-11-molybdophosphoric acid,
H4PVMo; 049 (HPVM), in consequence of their appropriate catalytic aclivity in the se-
lective oxidation of unsaturated aldehydes [1], the oxydehydrogenation of isobutyric
acid [7, 8] and the oxidation of lower alcchols [10].

Deactivation of these catalysts may oceur due to the relatively low thermal stabil-
ity. which may result in their decomposition under certain reaction conditiong
[1. 5,6, 10]. The thermal stabilitics of these compounds can be studied by various
methods, c.g. thermogravimetric analysis [1, 3, 5, 7, 8, 10]; differential thermal
analysis [2, 4, 7]; IR (KBr pellet) [4, 5, 7, 8, 101 and ‘in sit’ spectrascopy [5, 10];
NMR [1, 6,7, 9] powder, moncerystal [2, 4,7, 9] and ‘in sitze’ [9] diffraction analy-
sis; transmission, analytical [1] and scanning [1, 10] electronic microscopy and ESR
[1.9]

The most commonly used method is thermogravimetric analysis, since the Keg-
gin structure may be destroyed by the elimination of water molecules formed from
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the corresponding mass loss as [unetions of temperature and the working atmo-
sphere. This allows for a relatively easy determination ol the kinetic parameters.

The present paper provides new data concerning the mechanism and kinetics of
the decompositions of the above acids, resulting [rom analysis of the thermal decom-
position curves obtained by the methods of non-isothermal kinctics.

Experimental
Sample preparation

HPM was prepared by adding p.a. MoO; (¢ a boiling aqucous solution of p.a.
H:PQ,. in stoichiometric ratio. followed by continued boiling for 2-3 h, {iltration of
the solution, extraction of HPM with dicthyl ether as an oily adduct heavier than
willer, decomposition of the adduct by water addition, elimination of the ether by air
hubhling. and separation of HPM by crystallization [rom the aqueous solution.

HPVM was prepared by the method of Tsigdinos and Hallada [11]. Samples of
HPM and HPVM were heated at 270, 300 and 330°C for 4 h.

Thermogravimetric analysis

This was carricd out with a derivatograph analyser system (Paulik, Paulik, Erdey
type 1, (MOM, Budapest)), with ceramic and platinum crucibles, a sample mass of
100800 mg, at heating rates of 1.25-10°C min~! under static air atmospherc. HPM
samples of 100 mg were deposited on an inert support {quarlz; ¢=0.1-0.2 mm).

Characterization of the samples

This was carried out by pH titration in aqueous solution with a 0.1 M NaOH so-
lution with a glass-electrode pH-meter MV-84 (Carl Zeiss, Jena) in the pH range
2-11.

The UV-VIS spectra of the two acids were recorded with a Specord M42 instru-
ment {Carl Zeiss, Jena) between 240 and 520 nm.

The IR spectra of HPM and HPVM in KBr pelleis were recorded with a Spe-
cord M 80 instrument (Carl Zeiss, Jena) between 200 and 2000 em”™, and a Shi-
madzu IR 460 instrument hetween 400 and 2000 ¢cm ™.

Diffractometric analysis investigations were carried out on powders of the acids
with a TUR 61 instrument.

Results and discussion

The processes taking place during the thermal decompositions of HPM and
HPVM affcel the existence of the primary and secondary structures {12-14]. The
primary structure of the Keggin anion (XM 2(0%5) also named the Keggin unit (KU).
is presented in Fig, 1, where X=P, As or 81, and M=Mo, W, or V. A central tetrahe-
dron (X0Q,) determining the molecular symmetry is surrounded by four octahedral
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groups (M30),), cach consisting of three octahedra with M in the centre (MOg) with
two common edges. The four octahedral groups are bonded through vertices.

Fig. 1 Keggin unit structure (XM ,07): a - larger circles, central and peripheral aloms;
smaller circles, oxygen atoms; b — the central tetrahedron XO, (darkened) and the sur-
rounding M0, octahedral groups [15]

HPM consists of KU with normal structure (spherical form), whilst HPVM con-
sists of KU with reversed structure (more prolonged on an axis) due to the replace-
ment of one Mo™ for a V5+, resulting in an clectron deficiency in the polyanion and
a rearrangement of the primary structure.

The anions are interconnected by bridges of 2 or cven 3—4 water molecules, to
which the protons are hydrogen-bonded (Fig. 2). This results in an arrangement with
large, communicating spaces, forming a tridimensional network of channels in
which water molecules are randomly sitvated. The resulting structure is known as
the secondary structure and involves the relative oricntations of the anions, and the
arrangements of the crystallization water and the protons in a semirigid network.

Fig. 2 Structural arrangement of antons, protons and water molecules in 12-tungstophos-
phoric acid [16]
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The packing of the normal KUs is closer and the arrangement of the water mole-
cules between the units is more ordered. Consequently, the diffraction spectra of
HPM and HPVM indicate ditferent structures, depending on the hydration degiee.
With decrease of the hydration degree, the spectra of the two acids become ever
closer [9].

The usual methods for the preparation of HPM and HPVM afford crysial hy-
drates with a variable number (13-32) of water molecules [1, 3, 5, 6, 8, 9]. Highly
hydrated species generally vesult, with 29-32 water molecules, which are sub-
scquently transformed inw rouvm-temperature stable crystal hydrates containing
13-14 moleccules of water [5, 8]. The experimental results confirm the literature
data: the synthesis furnishes acids with a high hydration degree, which gradually
lalis when the products are kepl at roum temperature and stabilizes at 14141.5H50 de-
pending on the temperature and the atmospheric humidity.

The dilfraction spectra of the crystal hydrates with 13-14H,0 molecules pre-
sented in Fig. 3 have the wain diffraction maxima at closc angles (differences less
than 1%, the intensitics of the maxima being higher for HPVM, due to the formation
of larger crystals. The diffraction spectra of HPM and HPVM calcined at 300°C arc
significantly different, which means that modifications have occurred in the struc-
ture of HPVM, because thermal analysis demonstrates that HPM is stable at 300°C,
and the structures of the two acids should be approximately identical after the elimi-
nation of the hydration water, which takes place at temperaturcs up to 200°C.

510 20 ] 40 50 60 20

5 10 20 10 40 50 60 28

Fig. 3 Powder diffraction patterns (Cu radiation} of HPM and HPVM:13-14H,0
Analysis of the thermal curves obtained under non-isothermatl conditions reveals

the following principal decomposition processes: climination of the hydration water
in several steps, decomposition of the anhydrous acids with climination of the con-
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stitutive water (all accompanied by endothermic cffects), and the process of crystal-
lization of MoQ;, accompanied by an exotherm.

The most informatory and reproducible results were obtained with 300 mg sam-
ples in platinum crucibles; thermal curves thus obtained are presented in Fig. 3. Pre-
vious studics indicated that the hydration water (consisting of residual water, ad-
sorbed water and crystallization water) is tost in several steps. This has led 10 the
claim |9} of the existence ol intermediate crystal hydrates with 24 water molecules,
14 (triclinic structure) waler molecules, and 6 waler molecules, the last of these ob-
tained directly from the specics containing 24 water molecules withoul formation of
the intermediate hydrate by heating at 57°C. In an other study [7], the hydration
waler 1s lost between 120 and [80°C for HPVM, with DTG maxima at 05, 135
and 160°C, or both HPM and HPVM containing 13 water molecules are converted at
60-80°C 1o an unstable intermediate {probably cubic) containing 7-8 water mole-
cules, which is subsequently transformed at 100-350°C to the anhydrous (tetrago-
nal) species. From Fig. 4 for HPM and HPVM DTG maxima may be observed at 40,
57, 87 and 102°C, and a1 42, 58, 90 and 102°C, respectively, accompanied by endo-
thermic effects.
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Fig. 4 Thermoanalytical curves of samples of a — [IPM and b — 1IPVM {samplc
mass=300 mg, heating rate=2.5"C min™', Pt plates crucible, static air atmosphere

The DTG and DTA peaks may be assigned 1o bonded walter [vom the crystal hy-
drates with 2024, 1214, 8-9 and 3—4 water molecules. The residual water is lost in
a diffuse way without a DTG maximum or a detectable thermal effect. The process of
hydration water eliminadon ends at a temperature of abour 150-200°C, depending on
the working conditions. It is to be mentioned that for HPVM ancther slight mass loss
is observed, at higher temperatures.
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It may be considered that, between 150 and 280°C for HPVM and between 150
and 380°C for HPM, both acids are stable as anhydrous species; subscquently, they
decompose with the loss ol constitutive water and the translormation ol HPM mto
MoO; and P;0s, and of HPVM into MoOs, P05 and V40s.

The final process evidenced is the crystallization of MoO;. The temperature
ranges Tor these processes depend on the working condittons; generally, with lower
heating rates they shift towards lower temperature; this is more obvious at the tem-
peratures corresponding to the peaks in the DTG and DTA curves.

The literalure data indicate that vanadium leaves the network of KU as VO*'. It
is presumed that VO is a stabilizer for the Keggin structure because it replaces
some ol the protons and binds the KU together [5, 6, 8]. An NMR study of HPVM
suhjected 1o thermal treatment revealed that vanadium leaves the KU together with
the constitutive water, and at 320°C only 49% of the vanadium remains in the KU af-
ler some hours. An anhydrous species was identified in low amount, HsPVaMo Oy
(HPV,;M}, 1ogether with the anhydrous specics of HPVM: thus, it may be concluded
that solid-state reactions took place. Tt follows that the elimination of the constitutive
waler from the anhydrous species of HPVM takes place in the first stage by the re-
placement of the protons by VO, This explains the lower temperature al which the
process starts with respect to HPM (280-290°C, as compared o 380-400°C, de-
pending on the experimental conditions). The subsequent decomposition of the KU
is similar 1o that of the KU of the acid HPM.

The upper temperature limit for the decomposition range is higher for HPVM,
because of the stabilizing elfect of VO** on the Keggin structure (440-465°C, as
compared (0 420-450"C for HPM).

According to the isoconversional methods of Ozawa and Flymm-Wall, a plot ol
loga as a function of /T, for a=constant, will give parallel straight lines il the
mechanisin ol the decomposition is the same within the range of stedicd conversion
degrees. Such plots for four heating rates (1.25, 2.5, 5 and 10 deg min™') pave
straight times with a low dispersion of the points, and thus the slopes have reliable
values, oply for a sanple mass of 100 my, and (in the case of HPM) only as @ couling
deposited on an inert support. Nevertheless, at a heating rate of 10 deg min™'| the
points exhihited a significant deviation {rom lincarity, and these points were there-
fore excluded fiom the calculativns.

The slopes of the straight lines depicted in Figs 5 and 6 suggest the existence of
a uniform mechanism of decomposition in the range of & from 0.1 10 0.8 for HPM,
and two mechanistos in the case of HPVM, The [lirst mechanism holds Tor o values
from 0.1 10 0.4, and the second for o values from 0.5 1o 0.8,

The activation energies calculated by the Ozawa-Flynn-Wall methods are given
in Tables | and 2. The activation encigics weie caleulated (or separaie TG curves
corresponding to various heating rates for the integral form (F(o)) of the relationship
[17]:

fl-o)=(1 - (n
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Fig. 5 Isoconversional plots 101 the thermal decomposition of HPM at various heating rates
(1.25, 2.5 and 5°C min~ )
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Fig. 6 Ioconversional plots I()r (hL thermal decompasition of HPVM al varicus heating rates

(1.25, 2.5 and 10"C min” )

The best fits w the experimental points were obtained for n=1.9. An average ac-
tivation energy ol 155£5 kJ mol™ "I was found for HPVM (o variation from 010 1) in
comparison with an average value of 150.546.6 kI mol” P (a=0.1-0.4) and of
114.3+4.7 kJ mol™' («=0.5-0.8) (Table 1). For TIPM, an average valuc of
737.4440 kJ mol™" {ce variation from 0 to 1) was found, in comparison with an aver-
age valuc of 188.8+17.8 kI mol™ (=0.1-0.8) (Table 2). A good agreement was ob-
tained between the average activation energics for the two caleulation methods in the
case of HPVM within the range of « from 0.1 to 0.4 only; consequently, the (Fa)
used is not an appropriate relationship in other situations.

The elimination ol the constitution water is considered to procced through VoI
taking over the binding role of H;O" and H;03. The changes in the IR spectra of
HPM and HPVM as a function of lemperature furnish vatuable information on the
process of release of vanadiutm from the host structure. For the interpretation of the
IR spectra of HPM and HPVM, the range of [requencies 1100-900 em” was se-
lected (Fig. 7), where characteristic absorption bands occur: the band at 1064 em™

L Therm. Anal. Cal., 56, 1999
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Table 1 Kinetic data and evaluation of the activation energy according o Ozawa and Flynn-Wall

for HPVM
Degree of Temperature 7, K for various heating rates a/°C min”! Aclivation energy/
canversion o 1.25 25 5 10 kI mol '
0.1 506.2 572} 577.7 579.0 157.1
0.2 S80.7 586.8 592.8 596.6 148.3
0.3 391.4 597.7 603.5 607.5 152.1
0.4 600.6 606.8 615.0 6169 144.6
0.5 607.9 614.2 626.2 627.3 117.7
0.6 6154 621.8 632.5 636.9 119.0
0.7 623.3 630.1 640.6 648.0 109.8
0.8 6369 643.5 657.0 [S16108%) 110.6
0.9 651.5 659.6 a71.5 681.2 922

Average value for a=0.1-0.4 = 150.5+6.5 kJ mol™; for 0=0.5-0.8 = 114.3+4.7 k]l mol™'

Table 2 Kinctic data and cvaluation of the activation energy according to Grawa and Flynn-Wall

for HPM
Degree of Temperature T, K for various heating rates a/'C min ! Activation
conversion o 1.25 75 5 energy/kJ mol™
0.1 662.7 6606.7 672.5 206.6
0.2 667.1 671.6 677.0 203.6
0.3 669.7 674.8 680.7 191.1
0.4 672.0 677.0 683.5 183.5
0.5 673.8 679.3 684.9 187.7
0.6 675.7 681.2 686.8 187.7
0.7 671.0 683.0 689.1 176.8
0.8 678.9 684.5 691.1 173.5
0.9 682.1 689.6 697.8 £39.5

Average value for a=0.1-0.8=188.8+17.8 kJ mal™
was assigned to the vibration v, (P-0O,), and that at 964 cm’ "' o the vibration
v, (M=-0)), whilc the shouiders at 1080 and 1000 cm™! were characteristic of the V™
included in the KU structure. The gradual disappearance of these shoulders with in-
creasing temperature rom 270 to 330°C proves the existence of a correlation be-
tween the constitution water climination and the vanadium release from the KU
strocture for HPVM.
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Fig. 7 IR spectra of HPM (1) and HPVM {2-5): 1, 2: — fresh samples: 3 -~ after thermal treat-
ment at 270°C for 4 h; 4 — at 300°C for 4 h; 5 ~ at 330°C for 4 h

Conclusions

Evidence has been found for four species of crystal hydrates that are specific for
both acids: 20-24, 12-14, 8-9 and 3-4H,0.

A rapid variation of the hydration degree has been observed for both acids with
respect lo lemperature and atmospheric humidity.

The thermal stability ranges for the two acids are different: 150-280°C for
HPVM. and 150-380°C for HPM. The upper temperature limit for the presence of
KU in the lattice of the acid is 15-20°C higher for HPVM,

The explanation proposed for the decrease of the lower limit, and the increase in
the upper limit for the temperature range relating to the decomposition of HPVM is
that vanadium leaves the KU as VO, This results in the elimination of H* as H,O at
lower temperaturcs and bonding for the KU through VO?, the stability of the lattice
being increased in this way.

Kinetic analysis of the TG curves by isoconversional methods demonstrates the
existence of two mechanisms for the thermal decomposition of HPVM, but the aver-
age aclivation cnergies calculated are not in good agreement with the average activa-
tion energies calculated with the £{er) form (1) for the individual TG curves at vari-
ous healing rates.

This final conclusion will be returned to and investigated in a future paper by
means of IR spectroscopy and X-ray diffractometry, and other forms of the function
F(o) will be tesied.

J. Therm. Anal. Cal., 56, 1999
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