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Abstract Transition metal phosphates are used as inor-
ganic pigments; however, these materials had a weak point
for acid and base resistance. Because lanthanum phosphate
is insoluble in acidic and basic solution, the addition of
lanthanum cation was tried to improve the acid and base
resistance of cobalt phosphate pigment. The lanthanum
doped cobalt phosphates were prepared from phosphoric
acid, cobalt nitrate, and lanthanum nitrate solution. The
additional effects of lanthanum cation were studied on the
chemical composition, particle shape and size distribution,
specific surface area, color, acid and base resistance of the
precipitates, and their thermal products.

Introduction

Phosphates have been used for ceramic materials, catalysts,
fluorescent materials, dielectric substances, metal surface
treatment, detergent, food additives, fuel cells, pigments,
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etc. [1-4]. Especially, as a pigment, these materials have
good anticorrosion properties and suitable for coating
[5-8]. However, there is a weak point that is a certain
degree of solubility for acidic and basic solution.

It is well known that rare earth phosphates are insoluble
for acidic and basic solution in the groups of phosphate
materials. In general, the addition of rare earth elements
gives higher functional properties to the material [9].
Consequently, the addition of rare earth cation had the
anticipation to improve the acid and base resistance of
inorganic phosphate pigments. In previous works, the
addition of rare earth cation were studied in solid state
syntheses and powder properties, acid and base resistance
of cobalt, copper, nickel, manganese ortho-, pyro-, and
cyclo-tetra-phosphates [3, 4, 10]. The chemical composi-
tion and powder properties of thermal products were
changed by the addition of rare earth cation. Furthermore,
this addition improved the acid and base resistance of
phosphate materials synthesized in solid state reaction.

For the syntheses of inorganic phosphates, there are
some methods, one is based on the solid state reaction,
another one is on the cation exchange reaction in aqueous
solution, and others. The method by the solid state reaction
had some merits to be easy to form condensed phosphate
and to control the molar ratio of cation/phosphorus, on the
other hand, had a demerit to be difficult to keep the
homogeneity of materials. The preparation of transition
metal phosphate in aqueous solution had an advantage to
obtain the homogenized materials and various kinds of
metal phosphates. However, it had a weak point to be
difficult to control the molar ratio of cation/phosphorus.
The synthetic method had much influence on the properties
of phosphate materials. There are some cases that the
phosphate prepared in aqueous solution has the different
properties with the phosphate synthesized in solid state
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reaction. It is important to clear the additional effects of
rare earth cation on syntheses of inorganic phosphate
materials prepared in wet process and their properties.

In this work, the lanthanum doped cobalt phosphates
were prepared from phosphoric acid, cobalt nitrate, and
lanthanum nitrate solution. The thermal behavior of these
precipitations was investigated, and then their thermal
products were estimated from their particle shape and size
distribution, specific surface area, color, acid and base
resistance.

Experimental

Cobalt nitrate solution (0.1 mol/L) was mixed with
0.1 mol/L of phosphoric acid solution in the molar ratio of
Co/P = 3/2. This ratio is settled from the chemical com-
position of cobalt orthophosphate, Co3(PO,),. Certain part
of cobalt nitrate was substituted with lanthanum nitrate
in the molar ratio of La/Co = 0/10, 1/9, 2/8, 5/5, 8/2, and
10/0 [11, 12]. For the valence balance, three cobalt cations
were replaced with two lanthanum cations. Finally, the
solutions were mixed in the molar ratio of La/P = 1/1.
These preparation ratios are shown in Table 1. Then, the
mixed solution was adjusted to pH 7 by ammonia solution.
The precipitation was filtered off and dried in air condition.
A part of the precipitate was dissolved in hydrochloric acid
solution. The ratios of cobalt, lanthanum, phosphorus in the
precipitate were calculated from inductivity coupled
plasma-atomic emission spectrometry (ICP) results of these
solutions. The ICP estimation was measured with Shima-
dzu ICPS-8000.

The thermal behavior of these precipitations was ana-
lyzed by thermogravimetry-differential thermal analyses

Table 1 The relationship between the preparation ratio and chemical
composition of precipitations from ICP results

La/Co Co,La,H PO,

Preparation ratio® Precipitation ratio®

X y Z X y Z
0/10 32 0 - 1.398 0 0.203
1/9 9/7 177 - 1.515 0.165 —0.525
2/8 12/11 3/11 - 1.055 0.296 0.003
5/5 3/5 3/5 - 0.488 0.644 0.090
82 3/14 12/14 - 0.185 0.919 —0.126
9/1 3/29 27/29 - 0.047 0.964 0.014
10/0 0 1 - 0 0.867 0.400

* All conditions had the preparation ratios of Co/P = 3/2 and
La/P = 1/1

®For the valence balance, 2x(cobalt) + 3y(lanthanum) + z(hydrogen)
= 3(phosphate) in precipitation ratio
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(TG-DTA), X-ray diffraction (XRD), and Fourier trans-
form infrared spectroscopy (FT-IR). TG and DTA curves
were measured with a Shimadzu DTA-60/60H at a heating
rate of 10 °C/min under air condition. X-ray diffraction
patterns were recorded on a Rigaku Denki RINT2000M
X-Ray diffractometer using monochromated CuKo radia-
tion. The IR spectra were recorded on a Shimadzu FT-IR
spectrometer FT-IR8600 with a KBr disk method.

The powder properties of thermal products at 200 °C,
400 °C, 600 °C, and 800 °C were characterized by particle
shape, particle size distribution, specific surface area, and
their color. Particle shapes were observed by scanning
electron micrographs (SEM) using VE8800 from Keyence
Co. Ltd. Particle size distribution was measured with laser
diffraction/scattering particle size distribution HORIBA
LA-910. Specific surface areas of phosphates were calcu-
lated from the amount of nitrogen gas adsorbed at the
temperature of liquid nitrogen by BET method with Bel-
sorp mini from BEL JAPAN, INC. The color of phosphate
pigments was estimated by ultraviolet—visible (UV-Vis)
reflectance spectra with a Shimadzu UV368.

Furthermore, the acid and base resistance of materials
was estimated by the following method. Thermal products
(0.1 g) were allowed to stand in 100 mL of 0.1 wt% sul-
furic acid or 0.1 wt% sodium hydroxide solution for 1 day.
Then, solid was removed off by filtration; the solution was
diluted with nitric acid for ICP measurement. The con-
centrations of phosphorus, cobalt, lanthanum cation were
calculated by ICP results. For resistance estimation, the
elution ratio (%) of target elements was calculated to
divide by the concentration that thermal products were
completely dissolved by hot hydrochloric acid.

Results and discussion

Chemical composition and thermal behavior
of the precipitations

Table 1 shows the ratios of cobalt, lanthanum, and phos-
phorus in the precipitate from ICP results. In this table, x and
y are the ratios of Co/P and La/P, respectively. Sample
prepared at La/Co = 0/10 had Co/P = 1.398. The major
composition was Coz(PO,4), and minor one was CoHPO,4
(NH4CoPOQOy). In the condition where z values were negative
in this table, cobalt and lanthanum hydroxides were
co-precipitated with phosphates. Cobalt-lanthanum phos-
phate had smaller hydrogen ratio than nickel-lanthanum
phosphate [13]. LaPO4 was considered to be form in lan-
thanum-rich condition. Figure 1 shows the relationship
between the preparation and precipitation ratios of cobalt and
lanthanum. The precipitation had similar lanthanum ratio
with the ratio in preparation process.



J Mater Sci (2008) 43:5483-5488 5485
100
(a)
80
= (b)
8
& .
=) o
g 60 &
L I (c)
=
3 40 ]
% 3 (d)
2
3
(e)
0
0 20 40 60 50 100 0 2(')0 41I)0 61!0 8(|)0 1000
La/(Co+La) /%-preparation Temperature/ <

Fig. 1 Relationship between the lanthanum ratio, La/(La 4+ Co), of
the preparation conditions and that in the precipitations

Figure 2 shows TG curves of cobalt-lanthanum phos-
phates. Cobalt phosphate had larger weight loss than others
(Fig. 2a). The weight loss consisted of some steps, they were
considered to be from the volatilization of adsorbed water,
crystalline water, ammonia from NH4CoPO,, the conden-
sation water from CoHPO, to Co,P,0;. The calculated
weight losses of the volatilization of ammonia from
NH4CoPO, and the condensation water from CoHPO, to
Co,P,0; were 7.9% and 4.2%, those in experimental result
were 11.2% and 4.6%. The weight loss of sample in La/
Co = 10/0 was larger than that of sample in La/Co = 8/2,
because sample in La/Co had more amount of adsorbed
water. Figure 3 indicates DTA curves of cobalt-lanthanum
phosphate. Some endothermic peaks were observed in DTA
curve of sample prepared at La/Co = 0/10. It is difficult to
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Fig. 2 TG curves of samples prepared at various La/Co ratios, (a)
La/Co = 0/10, (b) 2/8, (¢) 5/5, (d) 8/2, and (e) 10/0

Fig. 3 DTA curves of samples prepared at various La/Co ratios, (a)
La/Co = 0/10, (b) 2/8, (¢) 5/5, (d) 8/2, and (e) 10/0

clear the cause of these peaks. However, the endothermic
peaks at about 80 °C and 160 °C in DTA curve of sample at
La/Co = 2/8 were considered to be due to the volatilization
of water and ammonia. With the increase of lanthanum ratio,
these endothermic peaks became small. IR spectra of pre-
cipitations are shown in Fig. 4. Sample prepared at La/
Co = 0/10 had the adsorption peaks due to water, ammo-
nium, nitrate ion, and phosphate. The spectrum changed
gradually with the lanthanum ratio. Sample prepared at La/
Co = 10/0 indicated the peaks of Rhabdophane-type LaPO,
with the peak of nitrate anion. Figure 5 shows XRD patterns
of samples heated at 800 °C. Sample at La/Co = 0/10 had
the peaks of Co3(POy), and Co,P,05. On the other hand, the
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Fig. 4 IR spectra of samples prepared at various La/Co ratios (R.T.),

(a) La/Co = 0/10, (b) 2/8, (¢) 5/5, (d) 8/2, and (e) 10/0, A; P-O and/
or P =0, O; Hy0O, V; NO;~, and A; NH,
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Fig. 5 XRD patterns of samples prepared at various La/Co ratios and
heated at 800 °C, (a) La/Ni = 0/10, (b) 2/8, (¢) 5/5, (d) 8/2, and (e)
10/0, .; C03(PO4)2, <>; C02P207, O; LaPO4

peaks of Monazite-type LaPO, were observed in sample at
La/Co = 10/0.

The precipitates prepared at La/Co = 0/10 was a mix-
ture of Co3(POy), - nH,O and NH4CoPO, - nH,O. By the
addition of lanthanum cation, Rhabdophane-type LaPO,
was precipitated. Ammonium cobalt phosphate, NH,Co-
PO, - nH,O, was changed to CoHPO, losing the crystalline
water and ammonia by heating. Then, cobalt hydrogen

Fig. 6 SEM images of samples
prepared at various La/Co ratios
and heated at 200 °C, (a) La/
Ni = 0/10, (b) 2/8, (¢) 8/2, and
(d) 10/0
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phosphate, CoHPO,, was condensed to Co,P,0O; by losing
the structural water. Totally, the sample in La/Co = 0/10 at
800 °C was the mixture of Co3(PO,), and Co,P,0;. On the
other hand, Rhabdophane-type LaPO, changed to Mona-
zite-type LaPQ, by heating. The samples prepared between
La/Co = 1/9 and 9/1 were the mixture of cobalt and lan-
thanum phosphates in chemical composition.

Powder properties of thermal products

Figure 6 shows SEM images of samples heated at 200 °C.
All samples in this work had no specified shape in spite of
La/Co ratio and heating temperature. Figure 7 shows parti-
cle size distribution of samples heated at 200 °C. The large
part of sample at La/Co = 0/10 was from 2 to 200 pm in
size. Samples at La/Co = 8/2 and 10/0 consisted of larger
particle than samples with high cobalt ratio. The same ten-
dency was observed in particle size distribution of samples
heated at higher temperatures. Table 2 shows specific sur-
face area of cobalt-lanthanum phosphate. Samples at La/
Co = 0/10 had small specific surface area, on the other
hand, those at La/Co = 10/0 was large one. Specific surface
area increased with lanthanum ratio. By heating, specific
surface area of samples in all ratios became small.

Color of precipitations and their thermal products

As an inorganic pigment, the hue of materials is important.
The precipitate at La/Co = 0/10 without heating was
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Fig. 7 Particle size distribution of samples prepared at various La/Co
ratios and heated at 200 °C, (a) La/Ni = 0/10, (b) 2/8, (c) 5/5, (d) 8/2,
and (e) 10/0

Table 2 Specific surface area of cobalt-lanthanum phosphates/
2 —1
m- g

La/Co Temperature/°C
200 400 600 800
0/10 3.61 5.23 6.01 2.73
1/9 26.24 26.52 12.61 2.64
2/8 21.77 2391 10.97 2.46
5/5 67.27 68.36 24.56 3.93
8/2 101.57 98.88 50.29 7.58
9/1 84.97 102.77 58.84 3.56
0/0 100.97 101.90 43.69 8.16
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Fig. 8 UV-Vis reflectance spectra of samples prepared at La/Co =
0/10, (a) R.T., (b) 200 °C, (c) 400 °C, (d) 600 °C, and (e) 800 °C

Wavelength /nm

Fig. 9 UV-Vis reflectance spectra of samples prepared at various
La/Co ratios (R.T.), (a) La/Co = 0/10, (b) 2/8, (¢) 5/5, (d) 8/2, and (e)
10/0

reddish purple. By heating at 200 °C and 400 °C, the color
of samples changed blue [14], and samples heated at
600 °C and 800 °C were violet in color. Figure 8 shows
UV-Vis reflectance spectra of samples at La/Co = 0/10
heated at several temperatures. The spectrum of precipi-
tation without heating had broad peak at 530 nm. This peak
shifted to longer wavelength by heating at 200 °C and
400 °C. Samples heated at 600 °C and 800 °C indicated
different spectra, which had the peaks at 470, 490, 580 nm
in wavelength. Figure 9 shows UV-Vis reflectance spectra
of samples prepared at various La/Co ratios (without
heating). By the addition of lanthanum cation, the peaks
broadened, and finally disappeared. The color of samples
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Fig. 10 Acid resistance of samples prepared at La/Co = x/(10 — x)
and heated at 200 °C, (a) Co, (b) La, and (c) P
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Fig. 11 Base resistance of samples prepared at La/Co = x/(10 — x)
and heated at 200 °C, (a) Co, (b) La, and (¢) P

was whitened with the increase of lanthanum ratio. The
heating temperature and the La/Co ratios had influence on
the hue of cobalt-lanthanum phosphate.

Acid and base resistance estimation of phosphates

Figure 10 shows acid resistance of samples heated at
200 °C. Cobalt ion indicated high elution ratio for acid
solution in spite of lanthanum ratio. The acid resistance of
lanthanum and phosphorus improved with the increase of
lanthanum ratio. Samples became difficult to elute by
heating at high temperatures.

Figure 11 shows base resistance of samples heated at
200 °C. Cobalt and lanthanum ions indicated no elution,
because these were precipitated as their hydroxides. The
elution ratio of phosphorus was decreased by the addition
of lanthanum. Base resistance also improved by heating at
higher temperature.

Conclusion

The substitution by lanthanum in cobalt phosphate mate-
rials were studied on the chemical composition, powder

@ Springer

condition, color, acid and base resistance. Lanthanum
phosphate was formed with cobalt phosphates. Thermal
behavior of precipitations changed gradually with increase
of lanthanum ratio. Specific surface area of phosphates
increased and particle size became larger by the addition of
lanthanum. The color of cobalt phosphate was changed by
heating and whitened by the addition of lanthanum. The
substitution by lanthanum on acid and base resistance was
effective for design of inorganic phosphate pigment.
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