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Abstract In this study, lanthanum, cerium, and praseo-
dymium orthophosphates were synthesized by the modified
Pechini method. The compounds were analyzed using
XRD, TG/DSC, FTIR methods, and the isothermal nitro-
gen adsorption technique. The results showed that meso-
porous and nanocrystalline powders can be synthesized by
this method. Moreover, due to the limited formation of
lanthanide polyphosphates on the surface of the powders
the modified Pechini method allows better control of the
compound stoichiometry in comparison with the com-
monly used method of phosphates precipitation from
solutions rich in H3POj,.
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synthesis - TG/DSC - X-ray diffraction

Introduction

In recent years many papers on obtaining light rare-earth
element orthophosphates (of both monazite and rhabdo-
phane types) have been published. Monazite is a
thermodynamically stable form of LnPO,, forming in the
Ln,03-P,05 system (where Ln is La—Gd) at 1:1 mole ratio
[1, 2]. It is also possible to obtain the monazite structure of
Tb and Dy orthophosphates; however, it is assumed to be
thermodynamically metastable [3]. Rhabdophane has a
hexagonal structure and is obtained through precipitation
from aqueous lanthanide salt solutions in the presence of
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PO, anions. Rhabdophane is a hydrated form of LnPO,,
which according to literature reports contains 0.5-1.5 of
water molecule per 1 mol of the compound [1-4]. As
rhabdophane is heated first the water is lost (at a temper-
ature of about 600 °C) and then a polymorphic change
takes place and an orthophosphate with a monoclinic
structure, i.e., monazite, forms.

The great interest in lanthanide orthophosphates is due
to its special physicochemical properties. Research on
monoclinic CePO, shows that it is characterized by very
slight chemical reactivity toward both dilute and concen-
trated oxoacids, hydracids, bases, by low thermal conduc-
tivity and a very high melting point (2045-2072 °C) [5, 6].
Owing to their properties monazites can be used as high
temperature barrier coatings or components of special
purpose ceramics [7—12]. Its very slight chemical reactiv-
ity, water-insolubility, and the possibility of substituting a
radioactive element (Th, U) for the lanthanide make
monazite a promising matrix material for immobilizing
radioactive waste [13—-16]. The large number of publica-
tions on methods of obtaining lanthanide orthophosphates
is also due to the latter’s optical properties, such as lumi-
nescence in different spectral ranges and selective radiation
absorption in the visible, ultraviolet, and infrared light
(lasers safe to the human eye and UV screens). The Ce and
La orthophosphates doped with Sr show protonic conduc-
tivity whereby they can be used as an electrolyte in sensor
technologies or fuel cells [17, 18].

The development of the existing and new technologies
in catalysis, power industry, optical, and sensor systems
spurs a search for materials with specific physicochemical
properties. Such properties are obtained by designing new
compounds with a specific crystal structure and an atypical
chemical composition, by modifying the useful properties
of the known phases by introducing specific dopes or by
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synthesizing nanomaterials. However, the phases produced
by the different methods do not show the intended prop-
erties even though the specified chemical composition,
structure, and crystallite size have been obtained. A major
factor here is the methods of synthesis used and more
precisely, the degree of phase purity and homogeneity of
the samples, its morphology, the type, and amount of the
impurities [19-21].

In the production of nanocrystallites, it is a common
practice to lower the temperature of the synthesis whereby
their excessive growth is prevented. Also care is taken to
maintain a high degree of powder homogeneity, especially
when doped multicomponent phases are to be obtained.
Such possibilities are offered by methods employing
solutions from which sparingly soluble phases are precip-
itated. In order to increase the rate of powders synthesis
and at the same time to improve their chemical homoge-
neity and morphology the initial solutions are heated up
under elevated pressure (hydrothermal methods) or sub-
jected to ultrasounds. It should be noted that despite the
initially good intermixing (at the atomic level) of metal
ions in the solution, the forming precipitates may undergo
segregation due to even the slightest differences in the
solubility of the individual compounds. As a result, it may
be difficult to obtain multicomponent and doped com-
pounds. The methods of synthesizing rare-earth ortho-
phosphates through precipitation from solutions are very
commonly used [4, 22, 23].

Nanocrystallites can also be produced by the sol-gel
method using organic compounds (mainly alcoholates) or
inorganic compounds (usually hydroxides). Through
proper choice of reactants one can produce homogenous (in
their whole volume) sols and by gelating them one can fix
the high degree of preparation homogenization. The sec-
ondary reaction products (water, organic residue, ammonia,
or nitrogen oxides) are removed at a temperature below
400-500 °C, which usually suffices for the phases to
crystallize. Because of the high costs of the other metals
alcoholates, this type of sol-gel method is usually limited
to obtaining preparations rich in SiO,, Al,O3, or TiO,. For
this reason it is not popular for LnPO, producing.

A derivative of the sol-gel methods is the synthesis
route and patented by Pechini [24]. In this method car-
boxylic acids (e.g., citric acid) are used as the reagents
chelating metal ions in the solution, glycols are used to
gelate the preparation and prevent undesirable products
from precipitating. Initially this synthesis process was used
to obtain mono- and multicomponent oxide materials and
was limited to solutions in which sparingly soluble salts
(e.g., sulfates or phosphates) do not undergo precipitation.
Owing to its good control of the stoichiometry of obtained
compounds, the method is used to produce multicompo-
nent, doped phases. Its other advantages, such as the
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availability of the reagents, their low toxicity, the consider-
able easier formation of phases at a lowered synthesis tem-
perature, and a reduction in crystallite size, were quickly
perceived, which resulted in a large number of investigations
into the effect of the type of used substrates, their concen-
tration and thermal treatment on the quality of the prepara-
tions. Nevertheless, also in the case of this method one needs
to be careful when producing complex phases since the
carboxylic acid salts forming in this process may easily
undergo selective precipitation or decomposition, disturbing
the homogeneity of the final product [25].

Here we present the research results of the low-tem-
perature synthesis of La, Ce, and Pr orthophosphates,
focusing on the effect of the method used on the quality of
the obtained powders, especially the phase purity of the
preparations and their morphology and microstructure. The
characteristics of the polycrystalline powders produced by
the Pechini method and through precipitation from solu-
tions containing PO,>~ ions are described. The quality of
the obtained samples was evaluated using XRD, TG/DSC,
BET, and FTIR methods. The results facilitate the choice
of a proper method of synthesizing rare-earth element or-
thophosphates depending on the desired parameters of the
powders and their intended use.

Experimental
Synthesis of LnPO,

Some methods of synthesis are usually applied to obtain
lanthanide phosphates with general formula LnPO,. In our
research the LnPO, powders, where Ln = La, Ce, Pr, were
prepared by modified Pechini method. Additionally, the
sample of CePO, composition was obtained by precipita-
tion from phosphoric acid solution.

Aqueous solutions of lanthanum and cerium nitrates—
Ce(NO3)3-6H,O (POCh Gliwice, analytically pure),
La(NO3);-6H,O (Fluka, >99.0%)—were chosen as the
sources of lanthanide ions. The solution of praseodymium
ions was prepared by dissolution of PrCO;0H (Aldrich,
99.99%) in small amount of nitric acid.

In the Pechini process adopted for synthesis of ortho-
phosphates, the citric acid and ethylene glycol were mixed
with solutions of lanthanides nitrates in the following
molar ratios: citric acid: Ln3+—2:1, citric acid: ethylene
glycol—1:1. The obtained solutions have been heated at
80 °C under mixing until a viscous liquid obtained. Then
NH4H,PO, in the appropriate molar ratio was added under
stirring. The heating has been continued until a foam
obtained, then the samples were put in electric drier for
20 h at 120 °C. Further calcination of dried gels was per-
formed in a furnace preheated at 500 °C.
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The CePO, powder was obtained by precipitation from
H;PO, solution (15 wt% of P,Os) too. After the solution
has been refluxed for several hours, the obtained precipitate
was filtered, several times washed by boiling deionized
water and dried at 80 °C.

The final products obtained in both methods were sub-
jected to further characterization.

Experimental conditions

Powder XRD patterns of the synthesized samples were
obtained on a Siemens D5000 diffractometer using Cu Ka
radiation (A = 0.154 nm). Measurements were performed
in an angle range of 20: 5-60° with the scanning rate of
3-6° min~ ' (total measurement time: 3—6 h).

The phase composition of powders was also analyzed by
Fourier transform infrared spectroscopy on Perkin—Elmer
System 2000 (KBr pellets).

Thermal analyses were carried out using TG/DSC Set-
sys™ 1500 (Setaram) calorimeter under flowing argon
(scanning rate 10 K min~', platinum crucibles, sample
weight 0.001-0.020 g) up to 1200 °C.

The surface area value and pore size distribution were
determined by multipoint BET method by nitrogen adsorp-
tion using Autosorb 1, Quantachrome Autosorb Automated
Gas Sorption System (Quantachrome Instruments).

Results and discussion

The XRD patterns of the samples showed only one well-
crystallized phase, i.e., LnPO4-nH,O with a hexagonal
structure, to be present. Figure 1 shows diffraction patterns
of the obtained samples. As the ionic radius of lanthanide
decreases, the angle of the reflections becomes larger. This

LaPO,, (Pechini)
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Fig. 1 The XRD patterns of LaPO,4, CePO,, PrPO,4 samples prepared
by Pechini route (preheated at 500 °C, 20 h) and CePO, precipitated
from solution at 80 °C

is connected with the decrease in size of the elementary
cell of rhabdophane, due to the difference in the size of the
rare-earth elements’ ionic radii, amounting to 114, 107, and
106 pm for, respectively, La*t, Ce*t, and P, Only
crystalline monazite (a monoclinic structural form of
orthophosphate) was found to be present in the diffraction
spectra of the samples sintered at a temperature of 900 °C
for 1 h.

In order to estimate the average size of crystallites in the
prepared samples the Scherrer equation was used: D =
%ois(?’ where D/nm is the average crystallite size in the
direction perpendicular to the (hkl) plane of a given
reflection. K =09 1is the Scherrer constant [26],
A = 0.154 nm—the wavelength of radiation Cu Ko and
B—the full-width at half-maximum (FWHM) of the dif-
fraction peak at angle 0. The calculated average size of
crystallites in the phases having a rhabdophane structure
depend on the method of obtaining them and amount to 16
and 29 nm for, respectively, the modified Pechini method
and the method of precipitating from H3PO, solutions.
Regardless of the rare-earth element forming the ortho-
phosphate, the powders obtained by the modified Pechini
method had the same crystallite size (15-16 nm).

An analysis of the diffraction spectra of samples sintered
at 900 °C showed that the thermal treatment of the prep-
arations results not only in a change in the structure of the
orthophosphates, but also in the growth of crystallites,
which reach the average size of 27 and 47 nm for,
respectively, the Pechini method and the precipitation
method. Thus, the crystal size increases nearly twofold in
the temperature range of up to 900 °C, but it seems that the
rate of crystal growth does not depend on the type of
synthesis. The type of lanthanide (La, Ce, Pr) has not been
found to influence the size of the obtained crystallites.

A thermal analysis of the obtained samples showed them
to be hydrated to a considerable degree. Figure 2 shows
typical heating TG and DSC curves for CePO, samples
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Fig. 2 The DSC/TG curves of the hydrated CePO, obtained by
Pechini route (gray) and precipitated from H;PO, solution (black)
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obtained by the two different synthesis methods. As a result
of the heating to 300 °C the mass of the samples decreases
by 3.2-4.2% (the TG curve). Two endothermic effects on
the DSC curve correspond to this mass loss, the first effect
at a temperature of about 120 °C and the second at
T =~ 240 °C. Both the temperature range of the process
and its two-stage course have already been observed by
different authors and interpreted as the evaporation of
moisture present on the material’s surface (the former of
the processes), followed by the release of zeolitically
bound water (at the higher temperature) [1, 4]. This water
contributes to the stabilization of the hexagonal structure
since it gets incorporated into the open spaces which form
tunnels along the crystalline axis in the hexagonal struc-
ture. The measured preparation mass decrement corre-
sponds to the liberation of 0.4-0.5 mol H,O per 1 mol
LnPO,. It is quite interesting that the samples produced by
the Pechini method were obtained through sintering at a
temperature of 500 °C whereby the compounds were
dehydrated without any change to the crystalline structure
of the orthophosphate. When the preparations are stored in
atmospheric conditions, the phosphates immediately
undergo rehydration, which can be observed during ther-
mal analyses of the samples.

Weak exothermic effects in the DSC curves were
observed at a temperature of about 700 °C. The effects
were stronger for the samples synthesized by precipitation
from the H;PO, solution than for the samples obtained by
the Pechini method, but no changes in the TG profiles were
denoted. In this temperature range LnPO, undergoes phase
transition from the hexagonal to monoclinic (monazite)
structure, which is confirmed by the XRD examinations
carried out by the present and by other authors [4]. This
process takes place at a slightly lower temperature
(At ~ 50 °C) in the sample produced by the Pechini
method. The phase transition temperature reduction effect
in the nanocrystalline preparations may be due to the
higher surface energy of the smaller grains. The greater
specific surface area development and the facilitated dif-
fusion through grain boundaries (faster than volumetric
diffusion) accelerate the growth of the new phase.

Another slight endothermic effect appeared in the
heating DSC curve for the sample synthesized through
precipitation from the H;PO, solution. Since LnPO, or-
thophosphates with the monazite structure do not show any
phase changes in this temperature range and the X-ray
patterns of the samples did not show any other phases than
LnPO, to be present, the registered thermal effect can be
ascribed to the impurities present in the samples, in the
amount undetectable by XRD. In [4, 27] bands character-
istic of P,O,*~ ions were found (by FTIR) in the samples
obtained by precipitation from acid solutions rich in PO~
Since anhydrous diphosphates of lanthanides (Ln°") are
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unknown and the absorption bands at wavenumbers
12001330 cm ™" are characteristic of stretching modes
v,5(PO,), the impurities observed by the authors of [4, 27]
are probably metaphosphates. They may form at a tem-
perature of about 950 °C as a result of the reaction of
LnPQO, with the excess H;PO, adsorbed on its surface [28]:

LnPO4 + 2H';PO4 — LH(PO3)3+3H20,

and the amount of the forming secondary phase depends on
the surface development of the obtained orthophosphates.
Lucas et al. [28] proved that impurities in the form of
Ln(POs3); undergo thermal decomposition at temperatures
higher than 1050-1350 °C. The decomposition is an
endothermic process and it is accompanied by a slight
mass decrement connected with the removal of the excess
diphosphate pentaoxide (evaporating in the form of a
dimer) in accordance with the reaction:

2Ln(PO;)3—> 2LI’£PO4 + P4010(g)-

Therefore, the endothermic effect observed in the DSC
curve in this study was ascribed to the decomposition of
lanthanide metaphosphates and since the amount of
impurities was small (undetectable by XRD), the decre-
ment in the preparation mass during heating was not reg-
istered in the TG curve. This interpretation of the effect is
consisted with the FTIR results.

The FTIR spectra of the preparations obtained by the
Pechini method and, for comparison, of the powders
obtained through precipitation from solutions showed that
all the powders obtained at a temperature up to 500 °C
display the characteristic bands of rare-earth orthophos-
phates with rhabdophane structure [29] (Fig. 3). The two
distinct absorption bands located at 540 and 620 cm™'
correspond to the vibrations v, of the PO,>~ groups while
the intensive bands in the 950-1070 cm ™' range can be
ascribed to the vibrations v, of the PO,*~ groups and

Transmittance/a.u.

2000 1500 1000 500
Wavenumbers/cm™!
Fig. 3 The FTIR spectra of CePO, precipitated from solution at

80 °C (a), CePOy (b), LaPOy (¢), and PrPO, (d) obtained by Pechini
method at 500 °C
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asymmetrical vibrations v; of the P-O bands. The spectra
include strong bands at about 1630 cmfl, characteristic of
the deformation vibrations of water molecules (Fig. 3). The
presence of the bands in the spectra is justified by the
incorporation of zeolitic water molecules into the rhabdo-
phane structure.

In the case of the LaPO, and PrPO, samples produced
by the Pechini method, additional bands were found in the
1460-1410 cm ™' range, indicating the presence of C=O
and C-H bonds originating from organic residua (citric
acid and ethylene glycol molecules) uncombusted during
the synthesis (Fig. 3). Incompletely combusted products of
citric acid and ethylene glycol were also observed by the
naked eye, since the synthesized powders turned darker and
greyish.

According to the author’s knowledge, the higher effi-
ciency of organic residual combustion follows spontaneous
ignition, which is sometimes observed also in the Pechini
process. Citric acid and its decomposition products may
ignite in the presence of nitrate ions and a metal with a few
oxidation states. This is often used to facilitate the syn-
thesis and reduce the energy expenditures on the thermal
treatment of the samples. The authors know from expe-
rience that such spontaneous ignition may occur during
the synthesis of phosphates produced by the modified
Pechini method [30]. In atmospheric conditions cerium
occurs in oxidation state +3 or +4, which makes this
element very active during spontaneous ignition pro-
cesses. Also the known catalytic properties of cerium
compounds may play some role in the efficiency of
combustion of the samples.

Moreover, in the FTIR spectra for LaPO,4 and PrPO, one
can distinguish two weak bands at a frequency of 710 and
880 cm ™' (Fig. 3). In this wavenumber range, absorption
for the P-O-P bond, present in both di- and metaphos-
phates, is registered [31]. The bands disappeared in the
powdres subjected to further treatment (grinding and cal-
cination at 900 °C). Considering the good control of
sample stoichiometry in the Pechini method and the
absence of such bands in the samples with cerium, the fact
that small amounts of seconadry phases (di- or metaphos-
phates) form may be due to the poorer homogeneity of the
PrPO, and LaPO, powders, resulting from the non-proper
combustion of the samples.

The FTIR spectra of the LnPO, samples heat-treated at
900 °C (Fig. 4) show that the temperature increase to
900 °C results in the formation of monazite and in poorer
symmetry of the compound, which is reflected in the
splitting of the bands in the range of 990-1090 cm ™' and
540-580 cm™' and in increased absorption at about
955 ¢cm ™! [32]. Additional, wide, and weak band is visible
at about 1270 cm™' in the FTIR spectrum of the LaPO,
sample obtained by precipitation and calcined at 900 °C.
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Fig. 4 The FTIR spectra of LnPO, samples sintered at 900 °C:
CePO, precipitated from solution (a), CePO, (b), LaPO, (c), and
PrPO, (d) obtained by Pechini method
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Fig. 5 The N, adsorption—desorption isotherms for CePO, powders
obtained by Pechini route at 500 °C (filled triangle) and precipitated
from H3PO, solution at 80 °C (open circle)

The band appears in the range of vibrations v,(PO,)
characteristic of metaphosphates [31, 33-35]. The presence
of this band validates the interpretation of the TG/DSC
results, presented earlier.

Figure 5 shows nitrogen adsorption isotherms for the
CePO, samples produced through precipitation from
solutions and by the Pechini method. The gas adsorption
results for the samples obtained by the two methods indi-
cate considerable difference in the morphology of the
powders. In the case of the sample obtained through pre-
cipitation from the H3;PO, solution, curve of type II
(according to IUPAC [36]) was registered, which suggests
that the obtained powder is non-porous. The second iso-
therm corresponds to type IV, and it has a characteristic
hysteresis loop indicating the presence of mesopores,
which lead to the capillary condensation of the adsorbate
inside the pores.
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The BET specific surface area determined from the
nitrogen adsorption measurements amounted to 81, 70, and
58 m? g*l for, respectively, CePO,, LaPO,, and PrPO,
produced by the Pechini method, while the CePO, sample
synthesized from the aqueous solution of phosphoric acid
had an SBET value of 28 m? g '. In the series of samples
produced by the Pechini method the smallest specific sur-
face development was observed in the praseodymium
orthophosphate sample.

The gas adsorption results were also used to determine
the pore size distribution in the powders. Figure 6 shows a
comparison of pore diameter distribution for the CePO,
samples obtained by the two methods, whereas Fig. 7
compares the results for the samples with different chem-
ical composition, synthesized by the Pechini method. The
diameter of mesopores in the CePO,4 and LaPO, is the same
(ca. 20 nm), but the one for the PrPO, sample is twice

1.0

CePO, obtained by:

—a— Pechini method
0.8 N —O— from solution
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Pore diameter/nm

Fig. 6 The pore size distribution in CePO, powders obtained by
Pechini route at 500 °C (filled triangle) and precipitated from H;PO,
solution at 80 °C (open circle)
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Fig. 7 The pore size distribution in CePO, (filled triangle), LaPOy,

(filled square), and PrPO, (open circle) powders obtained by Pechini
route at 500 °C
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larger. The increase in the pore diameter and the lower
surface development of the PrPO,4 powder are most prob-
ably due to the slightly different combustion process of
polyester resin under the influence of the additional portion
of nitric acid (and the higher mole ratio NO; /L") used
to dissolve the praseodymium hydroxycarbonate for the
synthesis (see “Experimental” section). Since in the Pe-
chini method NO3~ ions are the main oxidizer in the
combustion of citric acid (CA) and ethylene glycol (EG),
an even slight increase in their concentration may result in
major changes in the combustion mechanism of the sam-
ples. The main cause of powder porosity in combustion
methods (to which the Pechini method belongs) is the
liberation of synthesis by-products in the form of gases
(e.g., nitrogen[Il, IV, V] oxides or CA and EG derivatives).
Not only the type of combustion fuel, but also its mole ratio
to the oxidizer significantly affects the mechanism of the
synthesis and the quality of the product, including the
amount and size of pores. Therefore, if the amount of
HNOj; used in the synthesis is increased, this may result in
a larger size of pores in the PrPO, sample.

Conclusions

Despite the higher synthesis temperature applied during
Pechini method, obtained lanthanum, cerium, and praseo-
dymium orthophosphates are characterized by a nearly
twice smaller average crystallite size (about 16 nm) in
comparison with that of the orthophosphates produced
through precipitation from a phosphoric acid solution at a
temperature of 80 °C. The smaller crystal size is accom-
panied by increased value of the specific surface area of the
samples and the occurrence of mesopores. Such charac-
teristics are essential for materials used in technologies
based on reactions proceeding on active surfaces, i.e.,
catalysis and thermal barrier coatings. The application of
Pechini method to LnPO, production allows better control
of the stoichiometry of the compound and prevents
excessive phosphate ions from adsorbing on the surface of
the powders as is the case in the precipitation method.
Thanks to the limitation of the formation of intermediate
phases, which are impurities difficult to remove, and the
fact that the initial reactants in the Pechini method are
metal ion solutions (i.e., homogenous mixtures at the
atomic level); the method can be used to synthesize doped
phases, which are in particular desirable for optical
technologies.

The analytical results also show that the course of
polyester resin combustion has a qualitative effect on the
obtained powders. The type of lanthanide ion forming the
orthophosphate and the amount of the nitric acid used in
the synthesis have an influence on the value of specific
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surface area of the powders, the pore size distribution, and
on any residual from the combustion of the resins.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Mooney RCI. X-ray diffraction study of cerous phosphate and

related crystals.;1. Hexagonal modification. Acta Cryst. 1950;3:
337-40.

. Mooney RCI. Crystal structures of a series of rare earth phos-

phates. J Chem Phys. 1948;16:1003.

. Ushakov SV, Helean KB, Navrotsky A, Boatner LA. Thermo-

chemistry of rare-earth orthophosphates. J Mater Res. 2001;16:
2623-33.

. Kijkowska R. Thermal decomposition of lanthanide orthophos-

phates synthesized through crystallisation from phosphoric acid
solution. Thermochim Acta. 2003;404:81-8.

. Hikichi Y, Nomura T. Melting temperatures of monazite and

xenotime. J Am Ceram Soc. 1987;70:C252-3.

. Hikichi Y, Nomura T, Tanimura Y, Suzuki S, Miyamoto M.

Sintering and properties of monazite-type CePO4. J Am Ceram
Soc. 1990;73:3594-6.

. Kuo DH, Kriven WH, Macikn TJ. Control of interfacial proper-

ties through fiber coatings: monazite coatings in oxide-oxide
composites. J] Am Ceram Soc. 1997;80:2987-96.

. Lewis MH, Tye A, Butler EG, Doleman PA. Oxide CMCs:

interphase synthesis and novel fibre development. J Eur Ceram
Soc. 2000;20:639-44.

. Davis JB, Marshall DB, Morgan PED. Monazite-containing

oxide/oxide composites. J Eur Ceram Soc. 2000;20:583-7.
Davis JB, Marshall DB, Oka KS, Housley RM, Morgan PED.
Ceramic composites for thermal protection systems. Compos A.
1999;30:483-8.

Boakye EE, Mogilevsky P, Parthasarathy TA, Hay RS, Welter J,
Kerans RJ. Monazite coatings on SiC fibers I: fiber strength and
thermal stability. J Am Ceram Soc. 2006;89:3475-80.

Boakye EE, Hay RS, Petry MD. Continuous coating of oxide
fiber tows using liquid precursors: monazite coatings on Nextel
720 (TM). J Am Ceram Soc. 1999;82:2321-31.

Clavier N, Dacheux N, Podor R. Synthesis, characterization,
sintering, and leaching of beta-TUPD/monazite radwaste matri-
ces. Inorg Chem. 2006;45:220-9.

Podor R, Cuney M, Trung CN. Experimental study of the solid
solution between monazite-(La) and (CagsUgs5)PO, at 780 °C
and 200 MPa. Am Mineral. 1995;80:1261-8.

Kitaev DB, Volkov YF, Orlova Al. Orthophosphates of tetrava-
lent Ce, Th, U, Np, and Pu with the monazite Structure. Radio-
chem. 2004;46:211-7.

Bakker K, Hein H, Konings RJM, van der Laan RR, Matzke HJ,
van Vlaanderen P. Thermophysical property measurements and
ion-implantation studies on CePO,. J Nucl Mater. 1998;252:
228-34.

Kitamura N, Amezawa K, Tomii Y, Hanada T, Yamamoto N,
Omata T, Otsuka-Yao-Matsuo S. Electrical conduction properties
of Sr-doped LaPO, and CePO, under oxidizing and reducing
conditions. J Electrochem Soc. 2005;152:A658—63.

Gallini S, Hansel M, Norby T, Colomer MT, Jurado JR. Imped-
ance spectroscopy and proton transport number measurements on

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sr-substituted LaPO, prepared by combustion synthesis. Solid
State Tonics. 2003;162—-163:167-73.

Bregiroux D, Audubert F, Charpentier T, Sakellariou D, Ber-
nache-Assolant D. Solid-state synthesis of monazite-type com-
pounds LnPO, (Ln=La to Gd). Solid State Sci. 2007;9:432-9.
Karpowich L, Wilcke S, Yu R, Harley G, Reimer JA, De Jonghe
LC. Synthesis and characterization of mixed-morphology CePO,
nanoparticles. J Solid State Chem. 2007;180:840-6.

Belina P, Myskova V, Sulcova P. Comparison of the crystalli-
zation and solid state reaction methods for the preparation of rare-
earth orthophosphates. J Therm Anal Calorim. 2009;96:949-54.
Fang YP, Xu AW, Song RQ, Zhang HX, You LP, Yu JC, Liu HQ.
Systematic synthesis and characterization of single-crystal lan-
thanide orthophosphate nanowires. J Am Chem Soc. 2003;125:
16025-34.

Zhang Y, Guan H. The growth of lanthanum phosphate (rhab-
dophane) nanofibers via the hydrothermal method. Mater Res
Bull. 2005;40:1536-43.

Pechini MP. US Patent 3330697, 11 July 1967.

Narendar Y, Messing GL. Mechanisms of phase separation in
gel-based synthesis of multicomponent metal oxides. Catal
Today. 1997;35:247-68.

Klug HP, Alexander LE. X-ray diffraction procedures for poly-
crystalline and amorphous materials. New York: Wiley & Sons;
1974.

Kijkowska R, Cholewka E, Duszak B. X-ray diffraction and Ir-
absorption characteristics of lanthanide orthophosphates obtained
by crystallisation from phosphoric acid solution. J Mater Sci.
2003;38:223-8.

Lucas S, Champion E, Bregiroux D, Bernache-Assolant D, Au-
dubert F. Rare earth phosphate powders RePO,-nH,O (Re = La,
Ce or Y) - Part I. Synthesis and characterization. J Solid State
Chem. 2004;177:1302-11.

Assaaoudi H, Ennaciri A, Rulmont A. Vibrational spectra of
hydrated rare earth orthophosphates. Vib Spectr. 2001;25:81-90.
Matraszek A, Szczygiet 1. Modified Pechini synthesis of
Na;Ce(POy4), and thermochemistry of its phase transition.
J Therm Anal Calorim. 2008;93:689-92.

Corbridge DEC, Lowe EJ. The infra red spectra of some inor-
ganic phosphorus compounds. J Chem Soc. 1954;B15:493-502.
Hezel A, Ross SD. Forbidden transitions in the infra-red spectra
of tetrahedral anions—III. Spectra-structure correlations in per-
chlorates, sulphates and phosphates of the formula MXO,.
Spectrochim Acta. 1961;22:1949-61.

Lasarev A, Mirgorodsii A. Ignatiev I. Vibrational spectra of
complex oxides. Leningrad: Nauka; 1975.

Szczygiel I, Macalik L, Radominska E, Znamierowska T, Maczka
M, Godlewska P, Hanuza J. Luminescence, electronic absorption
and vibrational IR and Raman studies of binary and ternary
cerium ortho-, pyro- and meta-phosphates doped with Pr** jons.
Opt Mater. 2007;29:1192-205.

Nahdi K, Ferid M. Malika trabelsi ayadi. Thermal dehydratation
of CeP;03-3H,0 by controlled rate thermal analysis. J Therm
Anal Calorim. 2009;96:455-61.

Sing KSW, Everest DH, Haul RAW, Moscou L, Pierotti RA,
Rouquerol J, Siemieniewska T. Reporting physisorption data for
gas solid systems with special reference to the determination of
surface-area and porosity (recommendations 1984). Pure Appl
Chem. 1985;57:603-19.

@ Springer



	Modified Pechini synthesis of La, Ce, and Pr orthophosphates and characterization of obtained powders
	Abstract
	Introduction
	Experimental
	Synthesis of LnPO4
	Experimental conditions

	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


