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Abstract

The synthesis of new inorganic pigments has been investigated, with the goal of preparing heat stable and antic-
orrosive pigments. The synthesis of the title pigments is based on temperature calcination of the starting materials, and
the optimum reaction conditions for this process have been assessed. The pigments have been evaluated from the

standpoint of their structure, colour hue and ability to dye ceramic glazes. New binary condensed phosphates were
synthesised based on results of thermal analyses. These new compounds were developed with environmentally friendly
special pigments in mind. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The increasing need for pigments, the desire for
new interesting pigment colours, and the fact that
many pigments contain toxic elements (e.g. Pb, Cr,
Sb, Cd, Se), has opened the door to the development
of new environmentally friendly pigments [1]. For
this reason the focus of our studies has been the
preparation of pigments that would meet the
demands of modern-day colorants [2]. In view of
existing needs, the goal of this work was to iden-
tify new compounds that could be used as special
thermostable pigments with anticorrosion-inhibition
properties. Binary zinc(II)±nickel(II) tetraphosphates

with cyclic anions have not been described in lit-
erature so far [3]. In view of this observation,
cyclo-tetraphosphates of selected divalent metals
were prepared in our laboratory and examined for
their utility as special inorganic pigments.

2. Experimental

The procedure used to prepare mixed cyclo-tet-
raphosphates is a two-step process. In the ®rst step
(Scheme 1), a mixture of pure cyclo-tetrapho-
sphates containing bivalent metals is melted (30
min) in air and then cooled abruptly to give an
amorphous product composed of higher linear
phosphates of the formula (Zn2-xNix)n/4H2PnO3n+1.
In the second step (Scheme 2) this product is
heated repeatedly to a suitable temperature and
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recrystallized to give a microcrystalline product
(Zn2-xNixP4O12 where x � 0, 0.25, 0.50, 0.75, 1.00,
1.25, 1.50, 1.75 and 2. This chemistry gave the
binary cyclo-tetraphosphates of the summary
formula Zn2-xNixP4O12, where x � 0:25, 0.50,
0.75, 1.00, 1.25, 1.50 and 1.75, as well as pure
Zn2P4O12 (x � 0) and pure Ni2P4O12 (x � 2)
pigments.
The mixtures were formed in platinum dishes in

an electric furnace, by heating starting cyclo-tet-
raphosphate (Ni2P4O12) above 1250�C. After 30
min, dishes containing the molten products were
removed from the furnace and cooled abruptly by
immersion in water. The vitreous products (Zn2-x
Nix)n/4H2PnO3n+1) obtained were dried at 150�C
and ground in a vibrating pebble mill. Various
portions of these intermediates were then sub-
jected to DTA (Perkin±Elmer DTA 1700) in order
to determine the temperatures for thermal recrys-
tallization (TRi and Tmax).
The individual intermediates ((Zn2-xNix)n/4

H2PnO3n+1) were then calcinated in an electric
resistance furnace at 50�C above (Tmax) for 30
min. The sintered blocks of the ®nal products
(Zn2-xNixP4O12) were ground in the vibrating
pebble mill, and the yields were determined by
using a special extraction method [4]. Extraction
of the calcinates with 0.3 M HCl made it possible
to determine the temperature ranges at which the
individual intermediates existed [5,6] and the
degree of conversation of the calcinates to the ®nal
products.
The starting cyclo-tetraphosphates, vitreous

amorphous intermediates, and ®nal products
(binary cyclo-tetraphosphates) were analysed by
X-ray powder di�raction. (Cu Ka, l � 0:154178
nm, HZG-4B apparatus, Germany). The dif-
fractograms were indexed under the assumption
that the mixed cyclo-tetraphosphates were iso-
structural with Zn2P4O12 and Ni2P4O12 [7]. The
lattice parameters of the monoclinic unit cell (C2c
space group) were calculated by least squares
treatment.
The products were analysed using pycnometrical

method to estimate their density and by the DTA
method combined with high-temperature micro-
scopy (MHO-2, Zeiss Jena) to estimate their melt-
ing temperatures.

3. Results and discussion

The main goal of present work was to develop
conditions for the synthesis of mixed cyclo-tetra-
phosphates of the type Zn2-xNixP4O12. The starting
cyclo-tetraphosphates (Zn2P4O12, Ni2P4O12) were
prepared by the thermal method described in Ref.
[8]. In our laboratory this procedure was modi®ed
to obtain the purest possible products. The synthesis
of the cyclo-tetraphosphates is outlined in Scheme 1
where MII=Zn, Ni, and p(H2O)=100 kPa.
The synthesis of the mixed cyclo-tetrapho-

sphates was carried out according to Scheme 2.
The temperatures (TRi and Tmax) of recrystalli-

zation, as a function of increasing nickel content
are listed in reaction yields are also presented in
Table 1.

Scheme 1. Three-stage synthesis of cyclo-tetraphosphate pig-

ments.

Scheme 2. Three-stage preparation of mixed cyclo-tetrapho-

sphate pigments.
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The yields were high and increased with increased
nickel content. The P2O5/(Zn+Ni) molar ratio in
the 0.3 M HCl extracted products varied from
0.9980 to 1.0018. The Zn/Ni: molar ratio corre-
sponds to the (2ÿx)/x values in Table 2. Products
were found to a single phase containing cyclo-tet-
raphosphate anions, speci®cally a mixed zinc(II)±
nickel(II) cyclo-tetraphosphate (Zn2-xNixP4O12) in
the whole region of [x[x2 (0, 2)].
The structural parameters of Zn2-xNixP4O12

(Table 2) were limited by those associated with
Zn2P4O12 and Ni2P4O12. The volume of the unit
cell decreased slightly with increasing nickel con-
tent, which were consistent with the fact that the
ionic radius of nickel(II) is slightly smaller than
zinc(II).
Some physical properties of the title pigments

are summarized in Table 3. The section of DTA
curves above the melting temperature can be used to
estimate the thermal stabilities of the mixed cyclo-
tetraphosphates. The endothermic e�ects observed
in DTA curves, along with high-temperature

microscopy, were used to establish Tmelt. Cyclo-
tetraphosphates formation was favoured by the
presence of at least traces of water vapour in the
air atmosphere, and occured according to Scheme
3. Under these conditions the melting tempera-
tures represent the temperatures up to which the
mixed cyclo-tetryphosphates are stable. By
increasing nickel content, Tmelt increased from 810
to 1250�C. This behavior extends the scope of
their use to high-temperature application. We also
found that the densities of the mixed zinc(II)±
nickel(II) cyclo-tetraphosphates di�ered very little
as x was increased.
When the e�ect of increasing nickel content on

pigment colour was assessed, the intensity of pig-
ment colour was found to increase with increasing

Table 1

Experimental data for Zn2-xNixP4O12 pigments

x TRi (
�C) Tmax (

�C) Yield (%)

0.00 545 573 90.5

0.25 555 585 91.2

0.50 570 605 92.0

0.75 590 625 92.8

1.00 615 655 93.6

1.25 650 690 94.5

1.50 690 725 95.7

1.75 730 760 97.2

2.00 776 796 98.6

Table 2

Structural parameters for Zn2ÿxNixP4O12 pigments

x a (nm) b (nm) c (nm) � (�) V (nm3)

0.00 1.1778(5) 0.8305(4) 0.9910(4) 118.83(3) 0.8492

0.25 1.1733(3) 0.8291(3) 0.9873(4) 118.72(2) 0.8423

0.50 1.1703(6) 0.8287(4) 0.9842(4) 118.63(3) 0.8378

0.75 1.1692(5) 0.8275(4) 0.9836(4) 118.66(2) 0.8351

1.00 1.1673(5) 0.8265(4) 0.9840(4) 118.62(2) 0.8324

1.25 1.1666(4) 0.8262(3) 0.9836(4) 118.60(2) 0.8323

1.50 1.1656(4) 0.8246(3) 0.9841(4) 118.57(2) 0.8308

1.75 1.1649(2) 0.8247(3) 0.9837(4) 118.56(1) 0.8300

2.00 1.1644(5) 0.8238(3) 0.9813(4) 118.53(3) 0.8270

Table 3

Melting temperatures and densities for Zn2-xNixP4O12 pigments

x Tmelt (
�C) Densitycalc. (g cmÿ3) Densityexp. (g cmÿ3)

0.00 810 3.493 3.50

0.25 820 3.509 3.51

0.50 840 3.515 3.51

0.75 875 3.513 3.51

1.00 920 3.511 3.51

1.25 975 3.500 3.50

1.50 1050 3.491 3.49

1.75 1145 3.481 3.48

2.00 1250 3.480 3.48

Scheme 3. The contribution of water to cyclo-tetraphosphate

formation.
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nickel content. Based on colour measurements
(CIEL*a*b*) conducted on pigment powders, it
was also found that increasing nickel content
changed pigment colour from intense yellow to
intense yellow-green.

4. Conclusions

Cyclo-tetraphosphates of type Zn2-xNixP4O12

have been synthetised as new inorganic pigments.
The products crystallized in the monoclinic sys-
tem, C2c. New binary condensed phosphates were
synthesised with the aide of results from thermal
analysis, and these new compounds are proposed
as environmentally friendly pigments.
The binary products containing higher nickel con-

tent possessed interesting yellow or yellow±green
colours, and can be classi®ed as high-temperature

pigments that are based on condensed phosphates.
The synthesis of these pigments is based on a rever-
sible process that was detected using thermal analysis.
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