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The composition and structure of phases formed in the thermolysis of hydrated antimony pentoxide 
(HAP) have been studied by means of X-ray diffraction, isothermal thermogravimetric, volumetric, 
and NMR methods. It has been shown that (a) the HAP thermolysis at 400-1110 K proceeds in four 
steps: at each step a phase of specific composition is formed (Prphases: i = 2-5). The Ps-phase, 
composition Sb60i3, is known. Phases PZ, P3, and P, have been identified in the present study. (b) The 
HAP + P2 and PZ -+ Pr transformations are accompanied only by dehydration; the P, + Sb204 
transformation is accompanied only by reduction processes; the P, + P4 and P, + Ps transformations 
are accompanied by both dehydration and reduction. (c) The HAP of formula Sb20S . nH*O, with 2 5 
n 5 4, is a phase of variable composition, ranging from Sb20S . 2H20 to SbzOS .4HrO. (d) The protons 
in HAP are present in the form of hydrogen and/or hydronium ions, as well as water molecules of 
crystallization; in Pi-phases (i = 2-4) they exist only in the form of hydrogen ions. The H+ and (H,O)H + 
ions are statistically distributed over positions 16d, while antimony and oxygen atoms and water 
molecules of crystallization occupy positions 16c, 48f, and 86, respectively. 0 1991 Academic press, I~C. 

Introduction lent (Hg*+ , St-*+) cations, with radii close to 
1 A (5). HAP has an empirical formula Sb205 

Hydrated antimony pentoxide (HAP) or . nH,O; n depends on the preparation 
“antimonic acid” is a cation-exchange ma- method and varies widely from approxi- 
terial (I, 2) characterized by a high ion-ex- mately 30 for amorphous samples (I) to 3-4 
change capacity (up to 5 meq/g) (2-4) and and even 1 for crystalline samples (2, 4, 6). 
selectivity to mono- (Ag+, Na+) and diva- Upon heating HAP at 330-1200 K the de- 
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hydration is accompanied by a reduction of at 300 K and at 335 K for two more days, 
part of the Sb(V) cations to Sb(II1) (1, 2, washed in distilled water until free of chlo- 
7-13). The end-product of HAP thermolysis ride ions, dried to constant weight at 
in air at temperatures higher than 1100 K is 320-350 K, and placed in a water-filled glass 
a mixture of phases (Y- and @Sb,O, (1, 2, container to attain the equilibrium compo- 
6-23). The phase cr-Sb,O, is orthorhombic sition. 
(space group symmetry Pna2,; a = 5.436 A; The sample prepared as described above 
b = 4.810 A; c = 11.76 A (24)), while p- is a white powder of composition Sb,OS . 
Sb,OS is monoclinic (space group symmetry 
C2lc; a = 12.060 A; b = 4.834 L&; c = 5.383 

4.05H,O (as determined by thermogravime- 
tric and volumetric analysis); the crystal 

A; p = 104.35 (25)). The sequence of HAP size was approximately 300 A (by X-ray 
transformations and the composition of the analysis). 
intermediate phases being formed are still The substitution of counterions in the 
open to discussion. HAP and in phases formed during thermoly- 

According to (1, 7) the thermolysis of sis by silver cations was conducted in a 0.1 
HAP involves two steps in which the forma- N solution of AgNO, of analytical purity 
tion of anhydrous Sb,O, (290-670 K) and under static conditions, with a mass ratio of 
Sb,O,, (670-1100 K) takes place. In (8-20) the solid to liquid of 1 : 100. The contact time 
the formation of Sb205 during thermolysis of the HAP with the solution was 48 hr. The 
of HAP in air is questioned. According to ion-exchange capacity was evaluated by ob- 
data presented in (8) the thermolysis of HAP serving the change of the silver concentra- 
is accomplished in three steps, with tion in the solution. 
Sb,060H being formed at 620-890 K. The In the course of the present work several 
formation of Sb,O,OH is also discussed in methods have been used, including isother- 
(Z1), but not confirmed by the data of (9), mal thermogravimetry, derivatography 
the authors of which state the impossibility (Paulic-Erday derivatograph; sample heat- 
of obtaining compounds of reproducible ing rate about 10 K/min), mass spectropho- 
composition between 400 and 1000 K. tometry (using an MX- 130 mass spectropho- 

The object of the present work is to con- tometer equipped with a device for 
duct a more accurate study of the sequential programmed heating of the sample at a con- 
steps of HAP thermolysis, to characterize stant rate of about 5 K/min), isothermal vol- 
the composition and structure of phases be- umetric analysis (specially designed volu- 
ing formed, and to determine the tempera- meter capable of measuring the volume of 
ture intervals of their stability. 0, liberated during HAP thermolysis with 

an accuracy no lower than 3.5 rel%), X-ray 

Experimental 
diffraction analysis (DRON-3 X-ray diffrac- 
tometer with filtered CuKti radiation), pro- 

Hydrated antimony pentoxide was pre- ton magnetic resonance (‘H NMR) spec- 
pared from a 10% hydrochloric acid solution trography (NMR-radiospectrometer; f0 = 
of antimony tetrachloride (with an 80 mHz; modulation amplitude from 0.1 to 
SbC& : HCl ratio of 1: 2) oxidized by means 1.0 Oe). 
of a 5% hydrogen peroxide solution at 300 The lattice parameters a of the unit cell of 
K; all reagents were of analytical purity. the HAP and its thermolysis products were 
No precipitate was formed during oxidation. determined relative to a NaCl standard, us- 
The solution obtained was hydrolyzed in a ing the (IO, 6, 2) and (12, 0, 0) diffraction 
large amount of water at 300 K. The precipi- lines of HAP. The error of the parameter a 
tate was aged in the mother liquor for 2 days evaluation did not exceed 0.05%. 
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FIG. 1. Temperature dependence of the sample mass 

g (a) and of the liberated oxygen mass % (b) dur- 

ing HAP thermolysis. 

Results and Discussion 

Stages of HAP thermolysis. The thermo- 
gravimetric curve of HAP thermolysis is 
similar to those described in the literature 
(8, 9). The total sample mass loss through 
the interval 300-l 170 K amounted to 28.6% 
of the sample mass at 1170 K. On the deriva- 
tographic curve (Fig. 1, curve a) six extrema 
are indicated at Ti (i = l-6) values of 382, 
543, 603, 683, 878, and 1140 K. Oxygen is 
liberated at temperatures higher than 600 K, 
but not in one continuous reaction (Fig. 1, 
curve b): three maxima of the oxygen evolu- 
tion are registered close to 670, 870, and 
1150 K, which agrees satisfactorily with the 
extrema on the derivatographic curve, 

X-ray diffraction analysis of equilibrium 
products obtained at temperatures close to 
Ti shows that the end-product of the ther- 
molysis is a mixture of (Y- and P-Sb,O, . The 
initial HAP X-ray patterns and those of in- 
termediate thermolysis products obtained at 
300-1000 K include similar sets of diffrac- 
tion maxima assignable to a cubic symmetry 
(space group Fd3m), which agrees with data 
presented in numerous other papers (I, 2,4, 
6, 11-13). It is also established that during 

constant heating the a parameter of the unit 
cell undergoes changes (Fig. 2, curve b), 
testifying to the step-by-step character of 
HAP thermolysis. 

The kinetic curves of sample weight loss 
and variation of the parameter a of the unit 
cell at 370-l 100 K, as well as the Amo, curve 
(liberated oxygen at 600-l 100 K) are sigmoi- 
da1 and are characterized by a short (less 
than 5 min) induction period. With an in- 
crease in thermal treatment time, Am(T), 
a(T), and Amo$r) tend to constant values for 
a given temperature. Consequently, under 
prolonged isothermal aging, the decomposi- 
tion products reach an equilibrium state. 
Allowing for experimental error, the relative 
variations Am,a, and Amoz at temperatures 
assignable to a fixed thermolysis step (ex- 
cept step 1 at 300-370 K for Am and a) 
coincide. However, they differ from those 
obtained at other thermolysis steps; this tes- 
tifies to the step-by-step nature of the tem- 
perature dependence of the sample weight 
loss, oxygen evolution, and parameter a 
variation. It follows from Fig. 2 that temper- 
atures where abrupt variations Am take 
place (Fig. 2, curve a) satisfactorily coincide 
with those determined from the a parameter 
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FIG. 2. Temperature dependence of the equilibrium 

sample mass $ (a) and the parameter a of the unit 

cell of HAP thermolysis products (b). 
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and from the mass temperature dependence 
of liberated oxygen. Therefore, it is con- 
cluded that all these characteristics are in- 
terrelated and are based on the same pro- 
cesses. 

On the basis of isothermal thermogravim- 
etry, volumetry, and X-ray analysis it is con- 
cluded that the equilibrium products of HAP 
thermolysis obtained at stages 2-5 have dis- 
tinct compositions and crystal structures 
and therefore are individual compounds 
(phases). The phases formed at steps 2 to 5 
of HAP thermolysis will be referred to as Pi- 
phases (i = 2-5). From temperature varia- 
tions of the sample mass, liberated oxygen 
mass, and parameter a of the unit cell we 
have determined the formation (Tim’“) and 
decomposition (Ty) boundary tempera- 
tures of the Pi phases (see Table I). 

State of protons in HAP and Pi phases. 
The ‘H NMR spectrum of HAP with the 
empirical formula Sb,0S,4H,0 (recording 
temperature 125 K) (Fig. 3, curve a) has a 
complicated shape; there are three compo- 
nents with AH, = 4.8 G, AH2 = 12.0 G, and 
AH, = 19.0 G (the second moment S2 = 
27.8 G2). The first and third maxima are ab- 
sent from the NMR spectra of the Ag+-ex- 
changed samples (Fig. 3, curve b), while the 
second does not undergo significant 
changes. Therefore, the second constituent 
of the spectrum is related to protons not 
involved in the cation exchange. Data from 
Ref. (26) show that the component AH2 = 
12.0 G is related to water of crystallization 
with an interprotonic distance r&n = 1.62 
A and an intermolecular interaction value 
p = 2.0 G2. 

The first and the third components of the 
NMR spectrum are very likely related to the 
counterion. The counterion spectrum ob- 
tained graphically by means of substraction 
of the HAP spectrum and that of the Ag+- 
form of HAP (Fig. 3, curve e) has an appear- 
ance typical of a three-spin system (equilat- 
eral triangle) with parameters r&u and /3 
equal to 1.70 A and 1.8 G2, respectively (as 

calculated according to (17)). The integral 
intensity ratio of the HAP and its Ag+-deriv- 
ative NMR spectrum was 3 : 1. It is con- 
cluded that in Sb,OS * 4H,O six out of eight 
protons are included in three-spin proton 
groups, and the remainder in water mole- 
cules of crystallization. 

The ‘H NMR spectrum (recorded at 125 
K) of HAP with composition Sb,O, . 2H,O 
is close to that of the initial HAP (Fig. 3, 
curve c) with one significant difference: the 
intensity of the first component is substan- 
tially higher than that of the second and third 
components. This leads to a decrease of the 
second moment S, to 19.0 G2 and suggests 
that there are now some relatively isolated 
protons in the sample at 125 K, in addition to 
two- and three-spin protonic configurations. 
We also observed a plateau at 210-230 K 
when plotting S, versus the temperature (not 
shown here); the corresponding spectrum 
(Fig. 3, curve d) is a superposition of a sin- 
glet (AH = 3.0 G) and a doublet (AH = 10.0 
G), with a 1 : 1 proton ratio. These results 
suggest that, with decreasing temperature, 
the mobility of the H20 molecules freezes 
out and that three-spin proton groups are 
formed as a result of single protons locating 
on H,O molecules at lower temperatures. 
Therefore, three-spin proton groups are not 
static (ion H,O+) but dynamic formations 
which can dissociate according to the proba- 
ble reaction: (H,O)H+ * H,O + Ht. 

The iH NMR spectra of the Pi-phases 
(i = 2-4) are represented by a singlet line 
with AH at 125 K equal to 4.0, 3.0, and 2.5 
G, and the second moment S2 equal to 7.0, 
3.9, and 1.9 G2, respectively. The corre- 
sponding P,-phases of Ag+-exchanged sam- 
ples produce no NMR signal, which leads 
to the conclusion that all protons in the Pi- 
phases are in an equivalent state-that of 
hydrogen ions H+. The P,-phase does not 
produce an NMR signal. Therefore, protons 
are completely removed from the HAP 
structure only in the course of the P4 to P, 
transformation. 
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FIG. 3. First derivative G’ (H-H,) of ‘H NMR spectra 
of HAP and of its Ag+ ion-exchanged form. (a) HAP 
with composition Sh205 4.05H20 (12.5 K); (b) Ag+-form 
of HAP (125 K); (c, d) HAP compositions SbrOr 2H,O 
(125 K and 220 K, respectively). The dotted line (e) 
represents a three-spin proton group obtained by sub- 
straction of spectra a and b. 

Composition of HAP and Pi-phases (i = 
2-5). The composition of HAP and Pi- 
phases has been determined by weight loss 
and oxygen evolution at each thermolysis 
stage (see Table I). The oxygen loss at steps 
4-6 of the HAP thermolysis accounts for 
5.1 + O.l%, which coincides, within the er- 
ror limits, with the theoretical value 5.19% 
for the Sb,05 * 4H,O + Sb,O, transforma- 
tion. Consequently, in the P,- and P,-phases 
all antimony ions are in the pentavalent 
state. 

The P,-phase, which is formed at 
780-1110 K, has the composition Sb,O,,,, 
or Sb&, which agrees with numerous lit- 
erature data (I, 2, 6-9). 

The composition of the P,-phase is 
Km~‘N~.~~ 7 with (Y an Sb(II1) to Sb(V) ra- 
tio of 0.24. In (8, 11) the formation of 
Sb,060H was postulated for the same tem- 
perature interval, the Sb(III)/Sb(V) ratio be- 
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ing 0.5. The P, + P5 transformation would 
then be accompanied only by dehydration. 
However, the experimental data show that 
oxygen is liberated during the P, + Ps trans- 
formation and that the mass of the liberated 
oxygen constitutes about 80% of the total 
weight loss at step 5. This unambiguously 
testifies to a reduction process which ac- 
companies the above-mentioned transfor- 
mation. 

The P,-phase formed at 550-590 K has a 
composition of H,,,,Sb,O,,,,, , in contrast to 
(I, 7) where the formation of anhydrous an- 
timony pentoxide was postulated. The 
NMR-signal and the P,-phase ion-exchange 
properties clearly indicate the presence of 
hydrogen ions. 

The composition of the P,-phase is 
HmWAm The NMR analysis shows that 
the compound contains hydrogen ions. Con- 
sequently, the HAP -+ P,-phase transforma- 
tion is accompanied by removal of water 
of crystallization from the structure, along 
with a redistribution of hydrogen ions. 

During the HAP thermolysis at 300-470 
K, the three-spin proton groups are de- 
stroyed and water is removed. Taking into 
account the monotonic HAP unit cell pa- 
rameter variation with composition in the 
temperature range 300-370 K (Fig. 2, curves 
a and b), it is concluded that in this tempera- 
ture interval HAP is a phase of variable com- 
position Sb,O, . nH,O, in the range Sb,O, * 
4H,O and Sb,O, * 2H20. The exact composi- 
tion depends on the experimental condi- 
tions, such as the ambient temperature and 
the relative humidity. This is probably the 
reason for the difference in u-values re- 
ported by different authors. 

The HAP and Pi-phase structures. AC- 
cording to numerous reports (1, 2, 4, 6, 
8-12), HAP and its thermolysis products 
have (up to 1100 K) a pyrochlore-type struc- 
ture, space group Fd3m, structural formula 
A1&1&18X”8 (28). The framework of the py- 
rochlore-type structure consists of a three- 
dimensional network of BX&octahedra 

jointed along edges; the excess negative 
charge is compensated with mono-, di, and 
trivalent cations and X” anions. A, B, X, and 
X” are located in positions 16d, 16c, 48f, 
and 8b of the space group Fd3m, respec- 
tively (16). 

According to NMR data the structural for- 
mula of HAP as a phase of variable composi- 
tion Sb,O, . nH,O can be represented as 
MWFL d%-~nSb~~O~~ * 8H,O (2 5 
n I 4). 

The H+ and (H,O)H+ ions are statistically 
distributed over positions 16d, while anti- 
mony and oxygen atoms and water mole- 
cules of crystallization occupy positions 
16c, 48f, and 8b, respectively. 

AS Table I shows HAP * P2, and Pi + 
Pi+, (i = 2-4) transformations are accompa- 
nied by removal of hydrogen ions. Since 
hydrogen ions in HAP and PI-phases play an 
important chemical role as pyrochlore-type 
structure stabilizers by neutralizing the net- 
work excess negative charge, a portion of 
the antimony ions must be transferred from 
position 16~ to 16d during the above-men- 
tioned transformations (2, 9, 12, 13). It is 
assumed in (9) that in the transition of Sb(V) 
ions to positions 16d they are reduced to the 
trivalent state. However, taking into consid- 
eration the results of volumetric studies, re- 
duction processes take place only at temper- 
atures higher than 600 K, and antimony ions 
in P,- and P,-phases remain in the highest 
oxidation state. The transition of antimony 
ions to positions 16d, with respect to their 
valency, explains the variation of the lattice 
parameter a of the Prphases with tempera- 
ture (Fig. 2b). Because the ionic radius of 
Sb(V) is significantly (1.5 times) smaller 
than that of Sb(II1) and that of (H,O)H+, the 
transition of Sb(V) to positions 16d should 
decrease the parameter a according to Veg- 
ard’s law; this is indeed experimentally con- 
firmed for the HAP-P,-P, series. During 
the P3 ---, P, transformation Sb(V) ions in 
positions 16d are reduced to the trivalent 
state, which manifests itself in a sharp in- 
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crease of parameter a of the P,-phase as 
compared to the P,-phase. 

As concerns the Pi-phase (i = 2-5) struc- 
tures, the most complete study was made of 
the P,-phase, e.g., Sb,O,, (9). The authors 
of (9) believe the most probable distribution 
over the positions of space group Fd3m to 
be 

16d 16~ 48.f 8b 
8Sb(III) 16Sb(V) 48 o*- 4 o*- 

The structural formulae of the Pi-phases 
have been determined on the basis of empiri- 
cal composition data (see Table I), taking 
into account the requirements of electroneu- 
trality and assuming the absence of regular 
imperfections for compounds with the pyro- 
chlore-type structure in positions 16~ and 
48f. In addition, it was assumed that the 
Sb ion number in positions 16d of Pi-phases 
(i = 2-5) changes in discrete steps of two. 

Thus, HAP possesses the ideal pyro- 
chlore-type structure, while the Pi-phases 
(i = 2-5) have derivative structures with 
systematic imperfections. A general rule 
makes itself manifest for compounds with 
defect pyrochlore-type structures: the occu- 
pancy coefficient in positions 16d and 8b can 
have only two discrete values: 1 and 0.5. 
This is probably a result of the imposition 
of crystal structure symmetry requirements. 

Summary 

1. Hydrated antimony pentoxide thermol- 
ysis conducted at 400-1100 K proceeds in 
four steps; at each of those steps a phase of 
specific composition is formed (P,-phases, 
i = 2-5). The P,-phase, composition 
SbsOlj, is known from the literature. Phases 
P2, P, , and P4 were discovered in the present 
study. 

2. The HAP * P, and P, + P, transforma- 
tions are accompanied only by dehydration: 
the P, + Sb,O, transformation is accompa- 
nied only by reduction processes: the P, + 
P, and P, + P, transformations are accom- 
panied by both dehydration and reduction. 

3. Hydrated antimony pentoxide of for- 
mula Sb,05 * nH,O, with 2 I it I 4, is a 
phase of variable composition, the extremi- 
ties being Sb205 * 2H,O and Sb205 . 4H,O. 

4. Protons in HAP structure are present 
in the form of hydrogen ions and/or three- 
spin proton groups, e.g., hydronium ions, 
H,O+ , or (H,O)H+ , as well as in water mole- 
cules of crystallization while in the Prphases 
(i = 2-4) they are present only in the form 
of hydrogen ions. 
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