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Abstract The study of the system xSb2O3–(1 - x)

Bi2O3–6(NH4)2HPO4 has been carried out to identify the

phases and simulate the mechanisms of their formation,

using the technique of thermal analysis in association with

X-ray diffractometry. The main stages observed during

thermal treatment of the samples include: (1) elimination

of water and ammonia leading to the formation of

(NH4)5P3O10; (2) reaction of the latter with M2
IIIO3 and the

formation of acidic polyphosphates M2
IIIH2P3O10; (3) their

dehydration with the formation of the polyphosphates

MIII(PO3)3. Then Sb(PO3)3 decomposes giving SbPO4 and

P2O5. In the presence of excessive P2O5, two moles of

Bi(PO3)3 condensate into oxophosphates Bi2P4O13 and

BiP5O14. The data of thermal analysis match with the

composition of intermediate and final products. The

hygroscopicity of the samples diminishes with growing

bismuth content.
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Introduction

Antimony and bismuth orthophosphates, SbPO4 and BiPO4

are of utmost importance for the preparation of new

materials due to the very specific structural arrangements

of their crystalline compounds. Monoclinic SbPO4 is built

of the antimony polyhedra, which instead of oxygen atoms

have lone electronic pairs at some of their apices. There-

fore, Sb(III) coordination becomes 2 ? 2 ? E, where E is

electronic pair. As a result, the Sb–Sb distances are so short

that one can expect various phase transformations (e.g.,

P21/m ? P21), as well as anomalous electrical and optical

properties. These may be due to the stereochemical activity

of either the electronic pairs or the polynuclear Sb2 groups

[1, 2]. Besides the conventional crystalline compound, a

vitreous form of SbPO4 has been obtained and its ther-

mochemistry studied [3]. On the other hand, BiPO4 was

reported to have three polymorphs: a metastable trigonal

form and two monazite-like modifications [4] with the

structures different from SbPO4. Monazite atomic

arrangement [5] is based on {001} chains of intertwining

phosphate tetrahedra and BiO9 polyhedra. Vitreous form of

BiPO4 is unknown.

Under appropriate experimental conditions, crystalline

SbPO4, a compound without cation-exchange properties,

has been claimed to give intercalation complexes with

hydrazine, ethylenediamine and some other amines [6].

Later, a new layered oxo-antimony catecholate was

obtained by treating SbPO4 with aqueous catechol. This

reaction seems to be reversible and catechol can be at least

partly substituted for pyridine [7]. Despite the structural

dissimilarities, BiPO4 is also capable of intercalation of

small molecules. At least one of the polymorph modifica-

tions is stabilized by 0.67H2O. This water is so important

that its loss immediately provokes phase transition [4]. The
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presence of active sites in both orthophosphates allowed

their applications as good catalysts, [8, 9], ion-sensors [10],

as well as for the coprecipitation and separation of radio-

nuclides [11]. BiPO4 is also known as a dopant of phos-

phate glasses largely improving their properties, such as

ionic, electronic, and fast ionic conductivity [12]. How-

ever, to the best of our knowledge, there is no reports on

the systems containing both antimony and bismuth phos-

phates, which may be the case in technological practice,

e.g., for the fabrication of glasses with piezoelectric coef-

ficients different from zero. Although the existence of solid

solutions is difficult to expect, bismuth can ‘‘dilute’’ anti-

mony compounds, lowering their hygroscopicity and thus

rendering inorganic materials stable in air.

As the main method to obtain an active disordered

SbPO4 is through the decomposition of Sb(PO3)3 [13], it

was decided to verify the possibility of coexistence of

SbPO4 and BiPO4 by simulating the process of interactions

in the system xSb2O3–(1 - x)Bi2O3–6(NH4)2HPO4 for the

mixed compositions corresponding to the formation of both

polyphosphates.

The aim of this study is to study the phases present

during the thermal treatment of the samples xSb2O3–(1 -

x)Bi2O3–6(NH4)2HPO4 and mechanisms of their formation

using the technique of thermal analysis in association with

X-ray diffraction.

Experimental

Starting reagents were ammonium hydrogen phosphate

(NH4)2HPO4, antimony(III) oxide, and Bi(III) oxide, all of

analytical grade purity purchased from Merck. Thermal

behavior was studied by thermal gravimetric analysis

(TGA) and differential scanning calorimetry (DSC), both

50H Shimadzu Instrumentation. Preparations were simu-

lated by mixing up starting materials and heating the test

specimens (4–6 mg) up to 900 �C in the flux of synthetic

air at the rate 10 �C min-1. Mass losses during heating

were analyzed and compared to previously calculated

values. X-ray diffraction patterns were registered with a

Siemens Kristalloflex diffractometer with a graphite dif-

fracted beam monochromator and Ni filter. All compounds

separately prepared in static conditions were identified by

comparison of experimental X-ray patterns with available

ISDD database files.

Batch compositions were prepared using increasing

amounts of bismuth oxide, with intervals of 10% by mol.

The quantities were calculated according to the composi-

tions xSb2O3 ? (1 - x)Bi2O3 ? 6(NH4)2HPO4, where

x = 0.9–0.1. After grinding in an agate mortar, the pow-

ders were heated at 180 �C for 30 min, at 300 �C for

60 min, and then at 800 �C for 240 min. Such a prolonged

heating at 800 �C is needed due to poor diffusion condi-

tions at this temperature. The treatment was carried out in

air at the rate 15 �C min-1. In addition, masses of the

samples were measured after exposing them to room

moisture.

Results and discussion

Thermal analysis

The TG curves of the mixtures xSb2O3–(1 - x)Bi2O3–

6(NH4)2HPO4 (Fig. 1) are similar until *400 �C. Three

net endothermic effects can be seen, corresponding to mass

losses presented in Table 1 in accordance with the values

calculated for the formation of intermediate compounds.

These calculations were carried out invariably taking into

account the presence of MeIII
2 O3 in the starting mixtures.

As the only volatile products can be ammonia and water, it

means that during the thermal treatment the ratio cations/

anions is automatically diminished, and we deal with the

process of (NH4)2HPO4 polycondensation [14, 15].

In contrast to the condensation of NH4H2PO4 [13], the

usage of (NH4)2HPO4 leads to the elimination of only 2

and 4 moles of NH3 and 4 moles of H2O. The calculated

values for these mass losses fit the following reaction

scheme:

6 NH4ð Þ2HPO4 ¼ 2 NH4ð Þ5P3O10 þ 2NH3 þ 4H2O

Therefore, at this first step, only ammonium tripoly-

phosphate is formed and the remaining Sb2O3 and Bi2O3

are kept up intact.

At the second step, Sb2O3 and Bi2O3 react with

ammonium tripolyphosphate. As a result, five ammonium

ions are replaced by one trivalent metal ion and two pro-

tons. These mass losses suggest the following process:
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Fig. 1 TG curves simulating the processes in the system xSb2O3–

(1 - x)Bi2O3–6(NH4)2HPO4
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2 NH4ð Þ5P3O10 þ MIII
2 O3 ¼ 2MIIIH2P3O10 þ 10NH3

þ 3H2O

As can be easily seen, acidic polyphosphates mono-

hydrates MIIIH2P3O10 and polyphosphate monohydrates

MIII(PO3)3�H2O have identical composition and therefore

can be regarded as a rare case of inorganic isomers. Similar

results were recently obtained in the case of rare earth

polyphosphates [16] showing that the cationic radii are of

no importance in this line of transformations.

At the third step, MIII(PO3)3�H2O lose water and are

converted into polyphosphates:

2MIIIH2P3O10 ¼ 2MIII PO3ð Þ3þ 2H2O

Differential scanning calorimetry (DSC) curves of the

same mixtures are represented in Fig. 2. The superposed

TG and DSC curves for the sample with x = 6 are given in

Fig. 3.

Both graphics confirm the above scheme of chemical

interactions showing two net endothermic effects at 160

and 201 �C, which correspond to the dehydration and

ammonia elimination processes.

The last mass loss is revealed only as change of slope. It

is possible that thermal effects of isomer transformation,

dehydration, and polyphosphates crystallization are mutu-

ally compensated in a narrow temperature range. At this

stage, X-ray technique is of no help because the poly-

phosphates formed have vitreous arrangement giving pat-

terns of amorphous products.

As can be seen in Fig. 1, at higher temperatures, the

process of mass loss continues, but the similarities in

the shape of curves are not so evident. According to the

behavior of pure vitreous Sb(PO3)3 [13], this late mass loss

should be due to the vaporization of P2O5 with the parallel

formation of MIIIPO4. However, these thermogravimentric

data do not fit the suggested hypothesis: the real mass

losses never reach the values calculated for the total con-

version of polyphosphates into orthophosphates. This

clearly indicates that somehow phosphorus pentoxide is

being retained when bismuth is present. Moreover, no

noticeable exothermic effects are observed, meaning that

kinetics is determined by the shift of equilibrium in

decomposition process and should depend on the vapor

pressure of P2O5 at a given temperature.

X-ray diffractometry

The results of phase analysis are given in Table 2. X-ray

powder diffraction of the samples obtained during static

heating at 800 �C allowed making understandable the

mechanisms involved. Figure 4 shows a family of diffrac-

tograms corresponding to x = 0.9 – 0.1. It can be seen that

they all share at least one crystalline phase. The sample with

x = 0.2 is an exception because the material is practically

amorphous. Phase analysis carried out using ICDD database

showed (Table 2) that we deal with monoclinic SbPO4

with lattice parameters a = 5.106 Å, b = 6.772 Å, c =

4.745 Å, and b = 94.61� (ICDD file 35-0829). The experi-

mental parameters calculated on the basis of diffractograms

remained unchanged within standard deviation, meaning

that no solid solutions exist in this range of x.

Table 1 Mass losses at different stages of thermal treatment calcu-

lated in relation to the initial sum of 6(NH4)2HPO4 and M2
IIIO3

x Mass loss/%

(NH4)5P3O10 MIIIH2P3O10 MIII(PO3)3

Calc. Exp. Calc. Exp. Calc. Exp.

0.1 8.5 8.7 18.1 20.0 25.2 26.6

0.2 8.7 8.6 18.3 18.3 25.5 25.5

0.3 8.8 9.2 18.6 19.9 25.9 28.0

0.4 8.9 8.7 18.9 20.2 26.3 26.6

0.5 9.1 9.0 19.1 20.3 26.7 28.3

0.6 9.2 9.3 19.4 19.2 27.1 27.8

0.7 9.3 9.1 19.7 20.6 27.5 27.4

0.8 9.5 10.0 20.0 21.0 27.9 28.6

0.9 9.6 10.0 20.4 20.59 28.3 29.7
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The apparent inconsistency in intensities and/or order–

disorder geometry may be explained assuming that after

400 �C the crystallization processes strongly depend on

diffusion in porous mass, which is formed after gaseous

NH3 and H2O vaporization. The number and distribution of

these pores is difficult to control, therefore these processes

may be long, incomplete and do not guarantee sufficient

homogeneity.

As to the crystalline bismuth compounds, with the

exception of x = 0.1, they are represented by two minority

phases, which are bismuth oxophosphates Bi2P4O13 and

BiP5O14. Their X-ray patterns were identified by compar-

ison with ICDD files 30-0192 and 36-0006.

In this case, polymeric bismuth oxophosphates with the

ratios Bi/P = 1:2 and 1:5 are formed from Bi(PO3)3 which

holds Bi/P = 1:3, therefore the whole reaction can be

written as:

3Bi PO3ð Þ3¼ Bi2P4O13 þ BiP5O14

This explains the absence of BiPO4 reflections and at the

same time the incompleteness of P2O5 removal seen on TG

curves.

Only for the sample poorest in antimony (x = 0.1), that

is in the absence of excessive P2O5, crystalline BiPO4 is

available as the majority phase (ICDD file 43-0637). In this

case, antimony is present as traces in the forms of SbPO4

and Sb2(P2O7)2 (ICDD 84-1675). The latter compound

(mixed-valence pyrophosphate) is the only oxidized form

found. No reflections could have been attributed to bismuth

antimonate, BiSbO4.

Evaluation of hygroscopicity

As described elsewhere [14, 15], antimony polyphosphate

and vitreous antimony polyphosphate are extremely

hygroscopic compounds making difficult their applications.

Using the partially substituted samples, we proceeded with

the study of their behavior in respect to the moisture con-

tent of the air, controlling mass gain (Fig. 5).

Two representative samples were chosen corresponding

to the major and minor bismuth content in the batch

(x = 0.2 and 0.8). The samples were exposed to the labo-

ratory air during 600 h. At the end of the exposure, mass

gain for the composition with x = 0.8 (poor in bismuth)

reached 22.0%, while for x = 0.2 (rich in bismuth) it was

only 10.7%, neither instant hydrolysis was observed. It

means that in the long run bismuth permits to protect the

samples from moisture. These data represent only pre-

liminary evaluation and investigations are in progress.

Conclusions

The processes occurring in the system xSb2O3–(1 - x)

Bi2O3–6(NH4)2HPO4 include the formation of intermediate

polyphosphate (NH4)5P3O10 and tripolyphosphate MIII?

SbH2P3O10. Then individual polyphosphates Sb(PO3)3 and

Table 2 Phase analysis of the mixed compositions xSb2O3–(1 - x)

Bi2O3–6(NH4)2HPO4

x Majority crystalline phases Minority crystalline phases

0.9 SbPO4 –

0.8 SbPO4 BiP5O14 and Bi2P4O13

0.7 SbPO4 BiP5O14 and Bi2P4O13

0.6 SbPO4 BiP5O14 and Bi2P4O13

0.5 SbPO4 BiP5O14 and Bi2P4O13

0.4 SbPO4 BiP5O14 and Bi2P4O13

0.3 SbPO4 BiP5O14 and Bi2P4O13

0.2 Amorphous sample

0.1 BiPO4 SbPO4 and Sb2(P2O7)2
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after heating at 800 �C
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Bi(PO3)3 are formed. Due to the redistribution of excessive

P2O5, two moles of Bi(PO3)3 condensate into oxophos-

phates Bi2P4O13 and BiP5O14. X-ray diffraction of crys-

talline samples obtained in static conditions confirms phase

compositions supposed on the basis of TG and DSC curves.

The hygroscopicity of the samples diminishes with grow-

ing bismuth content.
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