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General Introduction

General Introduction

Phosphates have some characteristics; to be hydrophilic, to have the volatility at
high temperature, to be corrosiveness, to have low melting point, to have relation-
ship to organism, and so on. Phosphates have been used for ceramic materials,
catalyst, fluorescent materials, dielectric substance, metal surface treatment, manure,

detergent, food additives, fuel cells, etc.

0 0
0 . O i I
| I -H20 P P—
/P\_QIOH HEO/P\\OH | H()/ l\O/\ OH
0" Nyt D0 120 0 0
H M M M

Fig.1. Scheme of condensation of phosphate.

Phosphates transform to various other phosphates with hydrolysis and dehydration
reactions by heating (Fig.1) [1-12]. Phosphates are classified into orthophosphates
and condensed phosphates. Condensed phosphates are a group of inorganic polymer,
which are tetrahedral PO4 units linked at linear, cyclic, and network structure.
Figure 2 shows typical structures of these condensed phosphates. Polyphosphate had
linear structure and this is common condensed phosphate. Condensation degree
varies from 2 (pyrophosphate), 3 (triphosphate) to large number. These polyphosphates
had various properties depending on condensation degree. Polyphosphates are formed
at high temperature in large amount of phosphates. Cyclo-phosphates are known to
have condensation degree of 3 to 12. In these phosphates, cyclo-tri-, cyclo-tetra-,

cyclo-hexa-, and cyclo-octaphosphate are relatively easy to prepare, however other
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Fig. 2. Typical structures of condensed phosphates,
(a) polyphosphate, (b) cyclo-tetraphosphate,
(c) cyclo-octaphosphate, and (d) ultraphosphate.
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cyclo-phosphates are much difficult to prepare. Ultraphosphate had the network
structure in which PO4 tetrahedra linked to three PO4 units.

The formation and structure of phosphates depend on heating temperature, rate,
and time, the cooling rate of melts, the atomosphere, kinds of cations in phosphate,
and the ratio of phosphorus / cation. The ratio of phosphorus/ cation varied in
orthophosphate and various condensed phosphates. Thermal products depend se-
verely on the ratio of phosphorus/ cation [1,10-12].

Rare earth orthophosphate is the main component of natural Monazite and
Xenotime which are rare earth elements ores. Monazite-type and Rhabdophane-type
rare earth phosphates are mainly formed in light rare earth salts, on the other hand,
Xenotime and Weinshenkite-type rare earth phosphates are chiefly formed in heavy
rare earth salts. Generally, ultraphosphates are easily decomposed by hydration
reaction. However, rare earth ultraphosphate is stable for hydrolysis reaction. On the

whole, rare earth phosphates are poorly studied than other metal phosphates.

In this work, some factors are discussed on formation of various rare earth
phosphates. Thermal behavior of these rare earth phosphates are investigated to
support the knowledge of formation of the rare earth phosphates. Furthermore,

thermostable rare earth phosphates are estimated for catalytic aspects.
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Chapter 1.

Abstract

The mixture of a rare earth oxide (CeO2, Pr6O11, or Nd203) and diammonium
hydrogenphosphate was treated mechanically, treated with water or ethanol. The
mixtures and treated samples were analyzed by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), and thermogravimetry - differential thermal
analyses (TG-DTA). The mixtures and ground samples were heated at several
temperatures and then thermal products were analyzed by XRD and FT-IR. From
these results, these mixtures were indicated to be homogenized and activated by
mechanical treatment. By mechanical treatment, NdPO4 was easily formed on
heating in P/Nd=1. The existence of water or ethanol as grinding media also gave
influence on formation of NdPO4. In P/Nd=3, 5, and 7, neodymium polyphosphate
and ultraphosphate were formed. Mechanical treatment and grinding media also had
the influence on formation of these condensed phosphates in the manner as
orthophosphate. The formation of cerium salts was expected to differ from that of
other rare earth phosphates because of tetravalent cerium salts. Samples in P/Ce=4
were the mixture of CeP207, Ce(P0O3)3, Ce(PO3)4, and CeP5014. Samples in P/
Ce=7 were the mixture of Ce(PO3)3, Ce(PO3)4, and CeP5014. The formation of

these cerium phosphates was also affected by mixing conditions of raw materials.

1.1. Introduction

Phosphates transform to various other phosphates with hydrolysis and dehydration
reactions by heating [1-6]. The formation and structure of phosphates depend on

heating temperature, rate, and time, the cooling rate of melts, the atmosphere, kinds
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of cations in phosphate, and the ratio of phosphorus/ cation. Thermal products were
depended highly on the ratio of phosphorus / cation [7].

Anhydrous rare earth orthophosphate (RPO4) is the main component of natural
Monazite and Xenotime which are rare earth elements ores. Rare earth polyphosphate
(R(PO3)3) had chain structure that PO4 unit ownership two oxygen atoms [8]. Rare
earth ultraphosphate have the network structure which consists the anion represented
by P5014*. Furthermore, CeP207 and Ce(PO3)}4 were known as tetravalent cerium
phosphates. These phosphates were reported to be prepared from rare earth oxide
and phosphoric acid by heating [1]. However, various rare earth phosphates were
few reported to be prepared from rare earth oxide and diammonium
hydrogenphosphate.

Physical and chemical properties of solid materials are changed by crusing,
pressing, milling, and other mechanical treatments [9-14]. These phenomena are
known as mechanochemical effects, which comprises of the increase of surface area,
defects and strain, and the cleavage of chemical bonds. For these effects, mechani-
cally treated materials were regarded as in an active state. These mechanical
treatments have been applied to inorganic materials.

These mechanochemical phenomena largely depend on the conditions of the
mechanical treatments, for example the apparatus, atmosphere, and period of treat-
ment [15,16]. To improve the efficiency of the mechanical treatment, various grind-
ing media were used. These media had effects to lower the surface energy, to
enhance the degree of dispersion, and so on. Aceton, ethanol, benzene, triethanola-
mine, dodecylamine, and so on were reported much efficacious solvents as liquid
grinding media [17]. On the other hand, some solvent works as a floccuating agent.

The uniformity of raw materials is important in solid state reaction. By mechani-

cal treatment for this uniformity of raw materials, it could be expected that target
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materials are synthesized at lower temperature and that higher yields of products are

obtained. In this Chapter, the influence of mechanical treatment was investigated on

formation of various rare earth phosphates.

1.2. Experimental

Rare earth oxide (CeO2, Pr60O11, or Nd203) was mixed with diammonium
hydrogenphosphate. These mixtures with various atomic ratios of P/R (R; rare earth
element) were analyzed by XRD, FT-IR, and TG-DTA. Moreover, these mixtures
were heated at several temperatures for 20 hours with Automatic Precision Maffle
Furnace. Heated samples were also analyzed by XRD, and FT-IR.

In this Chapter, the influence of mixing condition of above raw materials was
studied on formation of various rare earth phosphates. Mixing condition of raw
materials varied as follows.

1. Raw materials were mixed manually in agate motar for about 5 minutes (mixed
sample).

2. Raw materials were treated with grinding-mill for several hours (ground sample).
3. Raw materials were mixed with water manually in agate motar for about 5
minutes (sample mixed with water). The ratio of liquid (water) - solid (rare earth
oxide and diammonium hydrogenphosphate) equaled about 5Sml/g.

4. Raw materials were ground with water for 6 hours (sample ground with water).
5. Raw materials were mixed with ethanol manually in agate motar for about 5
minutes (sample mixed with ethanol). The ratio of liquid (ethanol) - solid (rare earth
oxide and diammonium hydrogenphosphate) equaled about 5ml/g.

6. Raw materials were ground with ethanol for 6 hours (sample ground with

-8-
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ethanol).

XRD patterns were recorded on a Rigaku Denki RINT 1200M X-Ray diffractometer
using monochromated CuK a 1 radiation. IR spectra were recorded on a HORIBA
FT-IR spectrometer FT-710 with a KBr disk method. TG-DTA were carried out at
a heating rate of 10°C/min, using a Rigaku Denki Thermo Plus TG8120. The

grinding apparatus was an Ishikawa's grinder equipped with an agate motar.

1.3. Results and discussion

1.3.1. Mechanochemical effects

Figure 1-1 shows TG-DTA curves of the mixtures of Pr6O11 and (NH4)2HPO4 in
P/Pr=1 ground for several hours. Two endothermic peaks in DTA curves were
caused from volatilization of two molar of ammonia. These peaks shifted at lower
temperature by mechanical treatment. TG curves of ground mixtures had two steps
of weight loss. Since the mixture was homogenized and activated by mechanical
treatment, the reaction occurred at lower specified temperature. Furthermore, mix-
tures were suggested to became homogeneous by grinding from sharp IR absorption
peaks.

In P/R=1, mechanochemical effect was observed before formation of Monazite-
type rare earth orthophosphate. Figure 1-2 shows XRD patterns of the mixtures of
Pr6O11 and (NH4)2HPO4 ground for several hours and then heated at 250°C for 20
hours. The peaks of PrO2 were observed with the peaks of PréO11. The peaks of
Pr60O11 were stronger than the peaks of PrO2 in XRD pattern of the non-treated

mixture. Whereas, treated samples had stronger peaks of PrO2 than those of Pr6O11.
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Fig. 1-1. TG-DTA curves of samples of Pr6011 and
(NH4)2HPO4 ground for several hours.

By grinding, Pr6O11 transformed to PrO2 which was higher energy state than
Pr6011. This phenomena was also observed in the results obtained by grinding only
Pr6O11.

1.3.2. Influence of water or ethanol

Figure 1-3 shows XRD patterns of samples of Nd203 and (NH4)2HPO4 in P/
Nd=1 heated at 600°C for 20 hours. Samples had the peaks of Nd203 and NdPO4.
Figure 1-3 (a) is XRD pattern of sample mixed lmanually. Figure 1-3 (b) is that of
sample ground for 6 hours mechanically. Monazite-type NdPO4 was formed in some
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Fig 1-2. XRD patterns of samples of Pr60O11 and (NH4)2HPO4
ground for several hours and then heated at 250C
for 20 hours, ¥ ; Pr6011 and < ; PrO2.

degree by grinding. Figure 1-3 (c) is XRD pattern of sample mixed with water in
the ratio of liquid (water) - solid (Nd203 and (NH4)2HPO4) equal about 5 ml/g.
Figure 1-3 (d) is that of sample ground with water for 6 hours in the same ratio of
ligiud - solid. By mixing with water, the reaction between Nd203 and (NH4)2HPO4
easily occurred. Grinding with water was the effective pretreatment on thermal
formation of Monazite-type NdPO4. Figure 1-3 (e) is XRD pattern of sample mixed
with ethanol in the ratio of liquid (ethanol) - solid (Nd203 and (NH4)2HPO4) equal
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Fig. 1-3. XRD patterns of samples of Nd203 and (NH4)2HPO4 in P/Nd=1
heated at 600°C for 20 hours, (a) mixed, (b) ground for 6 hours,
(c) mixed with water, (d) ground with water for 6 hours,
(e) mixed with ethanol, and (f) ground with ethanol for 6 hours,
W ; Monazite-type NdPO4 and @ ; Nd20s3.

about 5 ml/g. Figure 1-3 (f) is that of sample ground with ethanol for 6 hours in the
same ratio of liquid - solid. By grinding with ethanol, NdPO4 was formed. Water and

ethanol worked as efficacious grinding media on formation of Monazite-type NdPO4.

1.3.3. Rare earth polyphosphate and ultraphosphate

In P/Nd=3, neodymium polyphosphate was formed in all mixing conditions.
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Figure 1-4 shows IR spectra of samples of Nd203 and (NH4)2HPO4 in P/Nd=3
heated at 400°C for 20 hours. The mixing conditions of (a)-(f) in Figs 1-4 and 1-
5 were the same with those in Fig. 1-3. By mechanical treatment, the absorption
peaks became sharp (Fig. 1-4 (b)(d)(f)). Neodymium polyphosphate was homoge-
neously formed by grinding of raw materials. This mechanochemical effect clearly
appeared in sample ground with ethanol. Grinding with ethanol before heating was

the effective way to prepare thermal product homogeneously.

(a)
(b)
g
= (D
W
®

2000 1600 1200 800 400

Wavenumber /cm-1

Fig. 1-4. IR spectra of samples of Nd203 and (NH4)2HPO4 in P/Nd=3
heated at 400°C for 20 hours, (a) mixed, (b) ground for 6 hours,
(c) mixed with water, (d) ground with water for 6 hours,
(e) mixed with ethanol, and (f) ground with ethanol for 6 hours.
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The ratio of P/Nd in neodymium ultraphosphate is 5. However, neodymium
ultraphosphate was formed with neodymium polyphosphate in P/Nd=5 and 7. In P/
Nd=10, NdP5014 was formed without Nd(PO3)3 [4]. Samples in P/Nd=5 were
concerned here to clarify the influence of mechanical treatment and grinding media
on formation of rare earth ultraphosphate. Figure 1-5 shows XRD patterns of

samples of Nd203 and (NH4)2HPO4 in P/Nd=5 heated at 500°C for 20 hours.

4 * OAA AO(Aa)
‘A
N * e (b)

Intensity

15 20 25 30 35
268 /deg.

Fig. 1-5. XRD patterns of samples of Nd203 and (NH4)2HPO4
in P/Nd=5 heated at 500°C for 20 hours, (a) mixed,
(b) ground for 6 hours, (c) mixed with water, (d) ground
with water for 6 hours, (e) mixed with ethanol, and
(f) ground with ethanol for 6 hours, A ; Nd(PO3)3 and
@ ; NdPsO14.
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Mechanochemical treatment gave advantage on formation of neodymium ultraphosphate
(Fig.1-5 (a)(b)). Neodymium ultraphosphate was richly formed in sample ground
with water (Fig.1-5 (d)). On the other hand, sample ground with ethanol contained

large amount of neodymium polyphosphate (Fig.1-5 (f)).

1.3.4. Cerium phosphates

Because tetravalent cerium cation is stable, there are CeP207, Ce(PO3)4, and so
on as exceptional rare earth phosphate. Therefore, formation of cerium salts was
expected to differ from that of other rare earth phosphates. Cerium salt was
concerned here as a group of exceptional rare ealth‘phosphates.

In P/Ce=1, XRD peaks of CeO2 and Monazite-type CePO4 were observed in all
mixing conditions. Mixing conditions had little influence on formation of CePO4.

Figure 1-6 shows XRD patterns of samples from CeO2 and (NH4)2HPO4 in P/
Ce=4 heated at 500°C for 20 hours. The mixing conditions of (a)-(f) in Figs 1-6 and
1-7 were the same with those in Fig. 1-3. All samples were the mixture of CeP207,
Ce(PO3)3, Ce(PO3)4, and CeP5014. CeP207 was richly formed in mixed sample and
sample ground with water (Fig. 1-6 (a)(d)). Ce(PO3)3 was formed in some degree in
mixed sample and sample ground with ethanol (Fig. 1-6 (a)(f)). Ce(PO3)4 was chiefly
formed in samples ground with water and ethanol (Fig. 1-6 (d)(f)). CeP5014 was
mainly formed in samples except for mixed sample (Fig. 1-6 (b)~(f)).

Figure 1-7 shows XRD patterns of samples of CeO2 and (NH4)2HPO4 in P/Ce=7
heated at 800C for 20 hours. Samples were the mixture of Ce(PO3)3, Ce(PO3)4,
and CeP5014. Ce(PO3)3 was chiefly formed in ground sample, sample mixed with
water, and sample ground with water (Fig. 1-7 (b)-(d)). Ce(PO3)4 was formed in
some degree in ground sample and sample mixed with ethanol (Fig. 1-7 (b)(e)).
CeP5014 was mainly formed in mixed sample, sample mixed with ethanol, and
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Fig. 1-6. XRD patterns of samples of CeO2 and (NH4)2HPO4 in
P/Ce=4 heated at 500C for 20 hours, (a) mixed,
(b) ground for 6 hours, (c) mixed with water, (d) ground

with water for 6 hours, (e) mixed with ethanol, and
() ground with ethanol for 6 hours, @ ; CeP207,
<> Ce(PO3)3, ¥ ; Ce(PO3)4, and A ; CeP5014.

sample ground with ethanol (Fig. 1-7 (a)(e)(f)).
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Fig. 1-7. XRD patterns of samples of CeO2 and (NH4)2HPO4
in P/Ce=7 heated at 800°C for 20 hours, (a) mixed,
(b) ground for 6 hours, (c) mixed with water, (d) ground
with water for 6 hours, (¢) mixed with ethanol, and
(f) ground with ethanol for 6 hours, < ; Ce(P03)3,
¥ Ce(PO3)4, and A ; CeP5014.

1.4. Conclusion

The experimental results obtained in this Chapter are summarized as follows.

1. The mixture of rare earth oxide and diammonium hydrogenphosphate was
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homogenized and activated by mechanical treatment.

2. Water and ethanol worked as effective grinding media in mixing process of raw
materials on formation of Monazite-type rare earth orthophosphate.

3. Mechanical treatment and grinding media had the influence on formation of rare
earth condensed phosphates in the manner as Monazite-type rare earth orthophos-

phate.
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Abstract

Each rare earth compound (rare earth element; R=La, Ce, and Nd, anion; oxide,
carbonate, chloride, nitrate, sulfate, oxalate, and fluoride) was mixed with (NH4)2HPO4
or H3PO4 in P/R=1, 3, and 5, and heated in air. The resulting salts were analyzed
by TG-DTA, XRD and FT-IR. Rhabdophane-type CePO4 was not formed in the
system of CeO2-H3PO4. However, this phosphate was synthesized in the systems of
Ce(NO3)3°6H20-(NH4)2HPO4, Ce2(C03)3+8H20-H3PO4, CeCl3°7H20-H3PO4, and
Ce(NO3)3°6H20-H3PO4. The crystallinity of Rhabdophane-type CePO4 was high in
the systems of CeCl3+7H20-H3PO4 and Ce(NO3)3+6H20-H3PO4. In P/Ce=1, forma-
tion of CeO2 was observed in the systems of Ce2(C03)3-8H20-(NH4)2HPO4,
CeCl3+7TH20-(NH4)2HPO4, and Ce2(C204)3+9H20-(NH4)2HPO4.

2.1. Introduction

Anhydrous rare earth orthophosphate (RPO4) is the main component of natural
Monazite and Xenotime which are rare earth elements ores. Rhabdophane-type rare
earth orthophosphate hydrate (RPO4snH20, R=La, Ce or Nd, n; ~2) had the specific
structure with vacant spaces [1]. Rare earth polyphosphate (R(PO3)3) had chain
structure that PO4 unit ownership two oxygen atoms. Rare earth ultraphosphate have
the network structure which consists the anion represented by P5014*>.

As phosphorus resource to prepare various rare earth phosphates, phosphoric acid
is widely used, whereas diammonium hydrogenphosphate is little used [2-8]. Using

diammonium hydrogenphosphate has some merits, for example, to react slowly and
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mildly, to be easy to get rid of non-target cation by heating, to be easy to treat with
as solid state etc. Syntheses of lanthanum phosphates were explored from various
compounds [9]. It was reported that new Rhabdophane-type TmPO4 and TbPO4 were
synthesized under presence of coexistent salts [10]. By changing raw materials, new
materials has tried to be synthesized, higher yields of products and sintering effect
at lower temperature could be expected. In this work, various rare earth compounds
were studied for syntheses of rare earth phosphates using (NH4)2HPO4 and H3PO4

as phosphorus resource.

2.2. Experimental

Each rare earth compound (rare earth element; R=La, Ce, and Nd, anion; oxide,
carbonate, chloride, nitrate, sulfate, oxalate, and fluoride) was mixed with diammonium
hydrogenphosphate or phosphoric acid at various ratio of phosphorus and rare earth
element (P/R). Then the mixtures were heated with Automatic Precision Maffle
Furnace from Thomas Scientific Co., Ltd. Samples were analyzed by thermogravimetry
- differential thermal analysis (TG-DTA), X-Ray diffractometry (XRD), and fourier
transform infrared spectroscopy (FT-IR). TG-DTA were measured with a Rigaku
Denki Thermo Plus TG8120. 15 ~20mg of sample was placed in a platinum pan.
Thermal analyses were carried out at 10 C/min. X-ray diffraction patterns were
recorded on a Rigaku Denki RINT1200M X-Ray diffractometer using monochromated
CuK « 1 radiation. The IR spectra were recorded on a HORIBA FT-IR spectrom-
eter, FT-710 with a KBr disk method. The samples heated with TG-DTA apparatus
were also analyzed by XRD and FT-IR. All reagent were of analytical-reagent grade

and used without further purification.
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2.3. Results and Discussion

2.3.1. In PR=1

Figure 2-1 shows a part of XRD patterns of samples in P/La=1. XRD pattern of
Fig. 2-1 (a) was due to lanthanum orthophosphate anhydrate, LaPO4 (Monazite-type).
High temperature was needed for preparation in the system of La203-(NH4)2HPO4,
because rare earth oxide are thermostable [11]. At 300°C, LaPO4 was formed in the
system of La(NO3)3*9H20-(NH4)2HPO4 (Fig. 2-1 (b)). XRD pattern of Fig. 2-1 (c)
shows Rhabdophane-type lanthanum orthophosphate, LaPO4. And sample of Fig. 2-
1 (d) was Monazite-type LaPO4. By heating at 700C for a long time, Monazite-
type LaPO4 was formed in the system of La203-H3PO4, while LaPO4 was formed

Intensity

20 /deg.

Fig. 2-1. XRD patterns of samples in P/La=1; (a) La203-(NH4)2HPO4
1200C, (b) La(NO3)3+9H20-(NH4)2HPO4 300C, (c) La203-
H3P0O4 700C, (d) La203-H3PO4 700C 20 hours, and
(e) La(NO3)3* 9H20-H3PO4 150 C 20 hours,
@ ; Monazite-type LaPO4 and O ; Rhabdophane-type LaPOa.
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at 150C for 20 hours in the system of La(NO3)3*9H20-H3PO4 (Fig. 2-1 (e)).
Lanthanum nitrate gave the guide to Monazite-type LaPO4. Monazite-type lantha-
num orthophosphate was possible to synthesize at lower temperature in this report
than in the method of La203-H3PO4. Monazite-type LaPO4 was also formed in all
systems except for LaF3-H3PO4.

Figure 2-2 shows a part of TG-DTA curves of samples in P/La=1. Rhabdophane-
type lanthanum orthophosphate is synthesized by mixing La203 and H3PO4. This
phosphate, LaPO4, loses the water of crystalline at about 240°C with its structure
maintained (Fig. 2-2 (a)). Rhabdophane-type lanthanum orthophosphate changed to
Monazite-type lanthanum orthophosphate at 700C for a long time (Fig. 2-1 (c)(d)).
Rhabdophane-type LaPO4 was not formed in the system of La203-(NH4)2HPOA4.

a) DTA

=
<+—» LExo.

@

Endo.

Weight loss /%
o
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Fig. 2-2. TG-DTA curves of samples in P/La=1 at 150°C for 20 hours,
(a) La203-H3PO4, (b) La2(CO3)3-H3PO4, (c) LaCl3+7H20-
H3PO4, and (d) La(NO3)3-9H20-H3PO4.
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Rhabdophane-type LaPO4 was neither formed from other lanthanum compounds in
the condition using (NH4)2HPO4.

La2(C03)3 or LaCl3+7H20 was reacted with H3PO4 to Rhabdophane-type LaPO4.
Thermal behavior of Rhabdophane-type LaPO4 prepared from La2(CO3)3 or
LaCl3*7H20 was the same with that of Rhabdophane-type LaPO4 prepared from
La203 (Fig. 2-2 (a)-(c)). XRD pattern of sample in the system of La(NO3)3-9H20-
H3PO4 indicates the mixture of peaks of Monazite-type and Rhabdophane-type
lanthanum orthophosphates. Figure 2-3 shows typical IR spectra. IR spectrum of this
sample (Fig. 2-3 (c)) had new peak at about 1400cm™ which was not observed in
spectra of Monazite-type and Rhabdophane-type lanthanum orthophosphates (Fig. 2-
3 (a)(b)). This peak is considered to be due to unreacted NO3". The peak became

(a)
W

(©)

Transmittance

(d)

2000 1600 1200 800 400
Wavenumber /cm-1

Fig. 2-3. IR spectra, (a) Rhabdophane-type LaPO4, (b) Monazite-type
LaPO4, (c) sample prepared from La(NO3)3.9H20-H3PO4
in P/La=1 at 150°C, and (d) sample prepared from
La(N03)3*9H20-H3PO4 in P/La=1 at 300C.
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became smaller by heating at 300C (Fig. 2-3 (d)). Sample prepared from
La(NO3)3°9H20 and H3PO4 had larger weight loss in TG curve than Rhabdophane-
type LaPO4 (Fig.2-2 (d)). LaPO4snH20 was not formed in the systems using
La2(S04)3.9H20, La2(C204)3°9H20, and LaF3.

Figure 2-4 shows a part of XRD patterns of samples in P/Nd=1. Rhabdophane-
type neodymium orthophosphate, NdPO4, was formed in the systems of
Nd(NO03)3°6H20-(NH4)2HPO4, Nd203-H3P04, Nd2(CO3)3+8H20-H3P04, NdCl3+6H20-
H3PO4, and Nd(NO3)3°6H20-H3PO4. Sample in the system of Nd203-H3PO4 was
the mixture of Rhabdophane-type NdPO4 and Nd203 (Fig. 2-4 (b)). The crystallinity
of Rhabdophane-type NdPO4 prepared from NdACl3+6H20 or Nd(NO3)3°6H20 was
higher than that prepared from Nd203 or Nd2(C03)3+8H20. An adsorption peak at
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Fig. 2-4. XRD patterns of samples in P/Nd=1 at 150°C for
20 hours, (a) Nd(NO3)3+6H20-(NH4)2HPO4, (b) Nd203-
H3PO4, (c) Nd2(CO3)3-8H20-H3PO4, (d) NdCl3+6H20-
H3PO4, and (e) Nd(NO3)3-6H20-H3PO4,
O ; Rhabdophane-type NdPO4 and V ; Nd203.
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Fig. 2-5. XRD patterns of samples in P/Ce=1 at 300°C for
20 hours; (a) CeO2-(NH4)2HPO4, (b) CeCl3+7H20-
(NH4)2HPO4, (c) Ce(NO3)3+6H20-(NH4)2HPO4,
(d) Ce2(CO3)3+8H20-H3PO4, (€) CeCl3+7H20-H3PO4,
(f) Ce(NO3)3*6H20-H3PO4, and (g) Ce2(C204)3-9H20-
H3PO4, @ ; Monazite-type CePO4, O ; Rhabdophane-
type CePO4, ¥ ; CeP207, and V ; CeO2.

about 1400cm™ of unreacted NO3~ was observed in IR spectrum of samples prepared
from Nd(NO3)3°6H20. This peak became smaller by heating at 300C.

Figure 2-5 shows a part of XRD patterns of samples in P/Ce=1. In spite of P/
Ce=1, samples in the systems of CeO2-(NH4)2HPO4 and Ce02-H3PO4 changed to
the mixture of cerium pyrophosphate, CeP207, and CeO2 (Fig. 2-5 (a)). IR spectrum
of this sample was due to CeP207. Samples in these systems at 1200TC was
Monazite-type CePO4. The reduction reaction occurred at high temperature, and
thermostable trivalent Monazite-type cerium orthophosphate, CePO4, was formed.

CeO2 was formed in the systems of Ce2(CO3)3+8H20-(NH4)2HPO4, CeCl3+7H20-
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(NH4)2HPO4, and Ce2(C204)3°9H20-(NH4)2HPO4 (Fig. 2-5 (b)). It was considered
that Ce2(C0O3)3°8H20, CeCl3+7H20, and Ce2(C204)3*9H20 transformed to CeO2 and
then reacted with (NH4)2HPO4 to Monazite-type CePO4. CeO2 wasn't formed in the .
systems using H3PO4. Since H3PO4 was much reactive than (NH4)2HPO4, trivalent
cerium compounds reacted directly with H3PO4.

Rhabdophane-type cerium orthophosphate was formed in the systems of
Ce(NO3)3°6H20-(NH4)2HPO4, Ce2(CO3)3+8H20-H3P04, CeCl3+7H20-H3PO4, and
Ce(NO3)3-6H20-H3PO4 (Fig. 2-5 (c)-(f)). Ce(NO3)36H20 was considered to be the
most reactive cerium compound in this work. The crystallinity of Rhabdophane-type
CePO4 in the systems of CeCl3+7H20-H3PO4 and Ce(NO3)3+6H20-H3PO4 was
higher than that of Rhabdophane-type CePO4 in the system of Ce2(C03)3+8H20-
H3PO4.

Sample prepared from Ce2(C204)3°9H20 signed the weak peaks of Monazite-type
CePO4 in XRD result at 300C (Fig. 2-5 (g)). Monazite-type CePO4 was formed in
all systems except for CeF3-H3PO4 at 1200C.

23.2. In P/R=3

Lanthanum polyphosphate, La(PO3)3, was formed in the system of La203 and
(NH4)2HPO4 at 500C in P/La=3. La2(CO3)3, LaCl3+7H20, La(NO3)3°9H20, and
La2(S04)3°9H20 also gave La(PO3)3 with (NH4)2HPO4 at 500°C. La(PO3)3 was
formed in the systems of La2(C204)3°9H20-(NH4)2HPO4 and LaF3-(NH4)2HPO4 at
700C. The crystallinity of La(PO3)3 in the systems of La2(CO3)3-(NH4)2HPO4,
LaCl3-7H20-(NH4)2HPO4, La(NO3)3°9H20-(NH4)2HPQ4, La2(S04)3+9H20-
(NH42HPO4, and La2(C204)3°9H20-(NH4)2HPO4 at 700C was higher than that of
La(PO3)3 in the system of La203-(NH4)2HPO4. These coexistent anions assisted the

crystal growth of La(PO3)3. The weak peaks of LaF3 and La(PO3)3 were observed
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in XRD pattern of sample prepared from LaF3.

The mixture of La203 and H3PO4 in P/La=3 transformed to La(PO3)3 by heating
at 300C for 20 hours. La(PO3)3 was also formed at 300°C for 20 hours in the
condition using other lanthanum compounds except for LaF3 with H3PO4.

Neodymium polyphosphate, Nd(PO3)3, was formed in the systems using neody-
mium compounds except for NdF3 with either (NH4)2HPO4 or H3PO4 in P/Nd=3.
The mixture of Nd(PO3)3 and Monazite-type NdPO4 was produced in the system of
NdF3-(NH4)2HPO4.

Figure 2-6 shows a part of XRD results in P/Ce=3. The mixture of CeP207 and
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Fig. 2-6. XRD patterns of samples in P/Ce=3; (a) CeO2-
(NH4)2HPO4 700 C, (b) Ce2(C03)3-8H20-(NH4)2HPO4
300°C 20 hours, (¢) Ce2(CO3)3-8H20-(NH4)2HPO4 700C,
(d) Ce(NO3)3-6H20-(NH4)2HPO4 700°C, (e) CeCl3+7H20-
(NH4)2HPO4 300°C 20 hours, @ ; Monazite-type CePO4,
A ; Ce(PO3)3, &; Ce(PO3)4, ¥ ; CeP207, and V; CeO2.
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tetravalent cerium polyphosphate, Ce(PO3)M, was formed in the systems of CeQOz2-
(NH4)2HPO4 and CeO2-H3PO4 (Fig. 2-6 (a)). Monazite-type CePO4 was formed in
the systems of Ce2(CO3)3+8H20-(NH4)2HPO4, Ce2(CO03)3-8H20-H3P04, CeCl3+7H20-
H3PO4, Ce(NO3)3°6H20-H3PO4, and Ce2(C204)3+9H20-H3PO4 at 300C (Fig. 2-6
(b)). Trivalent cerium polyphosphate, Ce(PO3)3, was formed in the systems using
Ce2(CO3)3-8H20, CeCl3+7TH20, Ce(NO3)3+6H20, and Ce2(C204)3+9H20 heated at
500°C and 7007C (Fig. 2-6 (c)(d)). Ce(PO3)3 was considered to be synthesized by
way of Monazite-type CePO4. Ce(PO3)4 was also formed in sample prepared from
nitrate (Fig. 2-6 (d)). CeO2 was formed in the system of CeCl3*7H20-(NH4)2HPO4
at 300C (Fig. 2-6 (e)). CeCl3+7H20 was considered to transform to CeO2 and then
reacted with (NH4)2HPO4 to Ce(PO3)3 by way of Monazite-type CePO4.

23.3. In P/R=5

The ratio of phosphorus and rare earth element (P/R) in ultraphosphate, RP5014,
is 5. The mixture of rare earth oxide and H3PO4 in P/R=5 changed to the mixture
of ultraphosphate and polyphosphate by heating at 700°C for 20 hours. Synthetic
method of ultraphosphate without polyphosphate is heating the mixture in P/R=10
at 700C for 20 hours. In the systems of La2(C204)39H20-(NH4)2HPO4, LaF3-
(NH4)2HPO4, La2(S04)3°9H20-H3PO4, La2(C204)3°9H20-H3PO4, and LaF3-H3PO4
in P/La=5, the crystallinity of LaP5014 was high and that of La(PO3)3 was low.
The systems of Nd2(C204)3°6H20-(NH4)2HPO4, NdF3-(NH4)2HPO4,
Nd(NO3)3°6H20-H3PO4, and NdF3-H3PO4 showed the same tendency.

Figure 2-7 shows XRD patterns of samples prepared from CeO2 and
Ce2(CO3)3+8H20 in P/Ce=5 heated at 700°C for 20 hours. Samples prepared from
CeO2 were the mixture of CeP5014, Ce(PO3)4, and Ce(PO3)3 (Fig. 2-7 (a)(b)).
Samples prepared from Ce2(CO3)3+8H20 were the mixture of CeP5014 and Ce(PO3)3
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Fig. 2-7. XRD patterns of samples in P/Ce=5 heated at 700C
for 20 hours, (a) CeO2-(NH4)2HPO4, (b) Ce02-H3PO4,
(c) Ce2(CO3)3°8H20-(NH4)2HPO4, and (d) Ce2(CO3)3+8H20-
H3PO4, A ; Ce(PO3)3, A ; Ce(PO3), and 4 ; CeP5014.

(Fig. 2-7 (c)(d)). The materials prepared from other trivalent cerium compounds were
the mixture of CeP5014 and Ce(PO3)3. In the systems of CeCl3+7H20-H3PO4,
Ce2(C204)3°9H20-H3PO4, and CeF3-H3PO4, XRD peak intensity of CeP5014 was
strong and that of Ce(PO3)3 was weak. Samples prepared from (NH4)2HPO4 had
stronger peaks of CeP5014 than those prepared from H3PO4.

2.3.4. Rare earth cation and coexistent anion
Rhabdophane-type RPO4 was formed in the systems of Ce(NO3)3+6H20-
(NH4)2HPO4 and Nd(NO3)3¢6H20-(NH4)2HPO4. However, in the system of
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La(NO3)3-6H20-H3PO4, Monazite-type LaPO4 was formed at same temperature.

CeP207 and Ce(PO3)4 were formed in the system using Ce02, however
Rhabdophane-type CePO4 wasn't formed. Formation of CeO2 was observed in the
systems of Ce2(C0O3)3+8H20-(NH4)2HPO4, CeCl3+7H20-(NH4)2HPO4, and
Ce2(C204)3°9H20-(NH4)2HPO4 in P/Ce=1. A part of Ce2(C03)3+8H20, CeCl3+7H20,
and Ce2(C204)3*9H20 were transformed to CeO2 and then reacted with (NH4)2HPO4.

From the standpoint of coexistent anions, rare earth nitrates were easy to react
with (NH4)2HPO4 and H3PO4. However, samples prepared from rare earth nitrates
were considered to contain nitrate anion from IR and TG-DTA results. The systems
of R2(C03)3-H3PO4 and RCI3-H3PO4 in P/R=1 also produced Rhabdophane-type
RPO4. The crystallinity of this salt prepared from rare earth chloride was higher
than that prepared from rare earth carbonate. RF3 was difficult to react with
(NH4)2HPO4 and H3PO4. In P/R=5, oxalate and fluoride anions assisted the crystal
growth of RP5014.
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Abstract

Mechanochemical effects were investigated in the mixture of a rare earth
compound (Nd(NO3)3.6H20, NdCI3+6H20, Nd2(C03)3+8H20, Ce(NO3)3+6H20,
CeCl3°7TH20, or Ce2(C03)2¢8H20) and (NH4)2HPO4. The mixture was ground and
then heated. These ground mixtures and thermal products were characterized by X-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR),
thermogravimetry - differential thermal analyses (TG-DTA), and adsorption of nitro-
gen. By grinding, Rhabdophane-type rare earth (Nd or Ce) phosphate was formed in
the mixture of Nd(NO3)3+6H20-(NH4)2HPO4 or Ce(NO3)3°6H20-(NH4)2HPO4. By
mechanical treatment, Rhabdophane-type neodymium phosphate was formed at lower
temperature in the mixture of NdC13+6H20-(NH4)2HPO4. The mixture of CeCl3+7H20-
(NH4)2HPO4 indicated XRD peaks of CeO2 by heating, whereas ground mixtures
transformed to Rhabdophane-type cerium phosphate. Specific surface areas of
Rhabdophane-type neodymium and cerium phosphates verified from 0.1 m%g to 120
m?/g depending on various synthetic conditions. Rhabdophane-type neodymium and
cerium phosphates which had large specific surface area were obtained by grinding

with ethanol and then heating.

3.1. Introduction

Physical and chemical properties of solid materials are changed by crusing,
pressing, milling, and other mechanical treatments [1-6]. These phenomena are

known as mechanochemical effects, which comprises of the increase of specific
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surface area, defects and strain, and the cleavage of chemical bonds, and so on. For
these effects, mechanically treated materials were regarded as in an active state.
These mechanical treatments have been applied to inorganic materials. By using
these mechanical treatments, new materials has tried to be synthesized, higher yields
of products and sintering effect at lower temperature could be expected.

These mechanochemical phenomena largely depend on the conditions of the
mechanical treatments, for example the apparatus, atmosphere, and period of treat-
ment [7,8]. By the kind of apparatus, for example ball-mill, vibration-mill, planetary-
mill, and so on, materials obtained activation energy in different methods. Therefore,
the field of mechanochemical effects was large and needed much studies. To
improve the efficiency of the mechanical treatment, various grinding media were
used. Aceton, ethanol, benzene, triethanolamine, dodecylamine, and so on were
reported much efficacious solvents as a liquid grinding media [9]. These media had
effects to lower the surface energy, to enhance the degree of dispersion, and so on.
On the other hand, some solvent works as a floccuating agent. By the period of
treatment increasing, the effective phenomena, for example the increase of specific
surface area and so on, occurred larger. However, the phenomena which contradicted
these mechanochemical effects, for example floccuation, also happened. Therefore,
materials treated mechanically reached an equilibrium state at a certain period of
treatment.

Then, Rhabdophane-type rare earth phosphate had the specific structure with
vacant spaces in the crystal lattice [10-12]. Rare earth phosphates were reported to
be formed from phosphoric acid and rare earth oxides in previous reports[13-15].
However, other synthetic method of them was few reported.

The author investigated mechanochemical effect in the mixture of Nd203-

(NH4)2HPO4 or CeO2-(NH4)2HPO4 (Chap. 1). Formation temperature of Monazite-
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type neodymium and cerium orthophosphates shifted lower by mechanochemical
treatment and grinding media (water and ethanol). However, as a whole, mecha-
nochemical effects appeared a little in the mixtures of Nd203-(NH4)2HPO4 and
Ce02-(NH4)2HPO4. Neodymium and cerium oxides reacted with diammonium
hydrogenphosphate to Monazite-type neodymium and cerium orthophosphates at
above 8007C, respectively. The energy needed for this reaction was large. The
energy which raw materials obtained by mechanochemical treatment was considered
to be much smaller than the energy needed for this reaction.

The author also studied on some rare earth compounds (rare earth element;
lanthanum, cerium, and neodymium, anion; oxide, carbonate, chloride, nitrate, sul-
fate, oxalate, and fluoride) for synthesis of various rare earth phosphates (orthophos-
phate, polyphosphate, and ultraphosphate) (Chap. 2). Each of rare earth compounds
(La(NO3)3-6H20, LaCl3*7H20, La2(CO03)3, Ce(NO3)3+6H20, CeCl3+7H20,
Ce2(C03)38H20, Nd(NO3)3+6H20, NdCI13+6H20, and Nd2(CO3)3+8H20) reacted
with (NH4)2HPO4 at lower temperature than each rare earth oxide.

In this Chapter, mechanochemical effects were studied on the systems of a rare
earth compound (Nd(NO3)3°6H20, NdCl3+6H20, Nd2(C03)3+8H20, Ce(NO3)3°6H20,
CeCl3+7H20, or Ce2(C0O3)2:8H20) and (NH4)2HPO4.

3.2. Experimental

Figure 3-1 shows a schematic diagram of experimental procedure. Each of rare
earth compounds (Nd(NO3)3°6H20, NdCI3-6H20, Nd2(CO3)3+8H20, Ce(NO3)3-6H20,
CeCl13+7H20, and Ce2(CO3)2¢8H20) was treated with (NH4)2HPO4 with grinding-
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Nd(NO3)3+6H20
NdCl13+6H20
Nd2(C03)3+8H20
Ce(NO3)3*6H20
CeCl3-7TH20
Ce2(CO0O3)3-8H20

l heat
—C Mixture HHeated sample)—

grinding without grinding media
with water
with ethanol

(Ground samp]H Heated sample)
A 4 * * ) 4

(NH4)2HPO4

XRD XRD
FT-IR FT-IR
TG-DTA BET

Fig. 3-1. Experimental procedure.

mill from Ishikawa-kojyo Ltd. for 6 hours. Mixtures were also ground with water

or ethanol in the ratio of liquid/solid equal about 5 ml/g. Resulting products were

dried at 50°C, then analyzed by XRD, FT-IR, and TG-DTA. XRD patterns were

recorded on a Rigaku Denki RINT 1200M X-Ray diffractometer using monochromated
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CuK o radiation. The IR spectra were recorded on a HORIBA FT-IR spectrometer
spectrometer FT-710 with a KBr disk method. TG-DTA were carried out at a
heating rate of 10C/min, using a Rigaku Denki Thermo Plus TG8120. Specific
surface areas of Rhabdophane-type neodymium and cerium phosphates were calcu-
lated from the amount of nitrogen gas adsorbed at the temperature of liquid nitrogen
by five-points BET method (P/P0=0.10, 0.15, 0.20, 0.25, and 0.30) with Gemini-
Micromeritics 2360 from Shimadzu Corp. Ltd.

3. Results and discussion

3.1. Mechanochemical reactions

The period of mechanical treatment is an important factor on mechanochemical
reaction. In previous study (Chap. 1), sample ground for 6 hours had similar results
with long-time-ground sample. Then, the period of mechanical treatment was 6
hours in this Chapter.

Figure 3-2 shows XRD results of samples prepared from Nd(NO3)3-6H20-
(NH4)2HPO4. The mixture(non-ground, (a)) had unknown peaks. The peaks of
Rhabdophane-type neodymium phosphate and ammonium nitrate appeared in XRD
patterns of ground samples (b)-(d). All the samples heated at 150°C indicated single
phase pattern of Rhabdophane-type neodymium phosphate from XRD analyses.
However, IR spectra indicated the existence of nitrate anion in samples heated at
150°C. The absorptions of nitrate ion at about 1400cm™ and 830cm™ in IR spectra

became smaller in samples heated at 3007C.

Figure 3-3 shows XRD patterns of samples prepared from Ce(NO3)3°6H20-
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Fig. 3-2. XRD patterns of samples prepared from Nd(NO3)3+6H20-
(NH4)2HPO4, (a) mixture (non-ground), (b) sample ground
without grinding media, (c) sample ground with water, and
(d) sample ground with ethanol, 4>; Rhabdophane-type
neodymium phosphate and 4 ; ammonium nitrate.

(NH4)2HPO4. The ground samples (b)-(d) had the peaks of Rhabdophane-type
cerium phosphate and ammonium nitrate. Sample (c) had stronger peaks of ammo-
nium nitrate than samples (b) and (d). Both Ce(NO3)3°6H20 and (NH4)2HPO4 are
soluble in water. The surface of them was activated by grinding, therefore the
solubility of the materials in water increased [16]. Generally, ionic /bond inérganic
materials tend to ionize by grinding [19]. The coexist water promoted this ionization
reaction. In the systems of NdCI3+6H20-(NH4)2HPO4 and CeCl3-7H20-(NH4)2HPO4,
sample ground with water also had strong XRD peaks. At 150C, all samples
indicated Rhabdophane-type cerium phosphate. The absorptions of nitrate ion were

observed in IR spectra of all samples heated at 150°C. At 300C, these absorptions
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Fig. 3-3. XRD patterns of samples prepared from Ce(NO3)3-6H20-
(NH4)2HPO4, (a) mixture (non-ground), (b) sample ground
without grinding media, (c) sample ground with water,
and (d) sample ground with ethanol, @ ; Rhabdophane-
type cerium phosphate and A ; ammonium nitrate.

disappeared in all samples.

In the system using neodymium chloride, all non-heated samples (mixture, sample
ground without grinding media, sample ground with water, and sample ground with
ethanol) had the peaks of ammonium chloride in XRD patterns. XRD results of
samples heated at 150C are shown in Fig 3-4. The mixture (a) had the unknown
peaks, whereas ground samples (b)-(d) had the peaks of Rhabdophane-type neody-
mium phosphate and ammonium chloride. The strong peaks of Rhabdophane-type
neodymium phosphate and ammonium chloride were observed in XRD pattern of

sample (c). All samples heated at 300°C disappeared the peaks of ammonium
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Fig. 3-4. XRD patterns of samples prepared from NdCl3:6H20-
(NH4)2HPO4 heated at 150°C for 20 hours,
(a) mixture (non-ground), (b) sample ground without
grinding media, (c) sample ground with water, and
(d) sample ground with ethanol, 4> ; Rhabdophane-type
neodymium phosphate and O ; ammonium chloride.

chloride. Mechanochemical effects in the system using chloride were smaller than
those in the system using nitrate. These mechanochemical effects followed previous
report that mechanochemical effects are related with three-dimentional structure of
anion [20].

Figure 3-5 shows TG-DTA curves of samples prepared from NdCl3+6H20-
(NH4)2HPO4. In DTA curve of the mixture (non-ground, (a)), some endothermic
peaks were observed below 400C. TG curve of the mixture had continuous weight
loss up to 400C. DTA curves of ground samples (b)-(d) had two large endothermic

-43-



Chapter 3.

(@) )
[Ra]
DTA
(©)
dad 1o
NIVAN; %

TG

Weight loss /%
£
[

0 200 400 600 800 1000 1200
Temperature /C

Fig. 3-5. TG-DTA curves of samples prepared from NdCI3+6H20-
(NH4)2HPO4, (a) mixture (non-ground), (b) sample ground
without grinding media, (c) sample ground with water,
and (d) sample ground with ethanol.

peaks at about 70'C and 280°C. The peak at about 70C was due to ?olatilizaﬁon
of watér or ethanol. The weight loss at about 280°C in TG curve was small in
sample (d) and large in samples (b) and (c). The peak at about 280C was due to
volatilization of ammonia and hydrogen chloride. Ammonium chloride decomposed
at high temperature, because Rhabdophane-type rare earth phosphate had vacancies.
DTA curves of sample (d) had smaller endothermic peak at about 280C than
samples (b) and (c), and TG curve of sample (d) had small weight loss. It was
considered that the decomposition of ammonium chloride occurred in grinding with
ethanol. The results supported the idea that the reaction between NdCl3*6H20 and
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(NH4)2HPO4 occurred at particular temperatures because of uniformity of the
samples by mechanical treatment.

In the system using cerium chloride, the remarkable difference appeared in
products at 300°C. Figure 3-6 shows XRD patterns of samples prepared from
CeCl3+7H20-(NH4)2HPO4 heated at 300C for 20 hours. The mixture (a) had the
peaks of cerium oxide, whereas ground samples (b)-(d) indicated XRD pattern of
Rhabdophane-type cerium phosphate. The peaks of sample (c) were stronger than
those of others.

However, Rhabdophane-type neodymium and cerium phosphates were not formed

by heating the two mixtures of Nd2(C03)3+8H20-(NH4)2HPO4 and Ce2(CO3)3-8H20-

Intensity

10 20 30 40 50 60
28 /deg.

Fig. 3-6. XRD patterns of samples prepared from CeCl3+7H20-
(NH4)2HPO4 heated at 150°C for 20 hours, (a)mixture
(non-ground), (b) sample ground without grinding media,
(c) sample ground with water, and (d) sample ground
with ethanol, @ ; Rhabdophane-type cerium phosphate
and V; cerium oxide.
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(NH4)2HPO4, respectively. The ground samples didn't also form Rhabdophane-type

neodymium and cerium phosphates by heating.

3.3.2. Specific surface areas

Table 3-1 shows specific surface areas of Rhabdophane-type neodymium and
cerium phosphates synthesized in various conditions. As mentioned above, samples
heated at 150°C in the systems of Nd(NO3)3*6H20-(NH4)2HPO4 and Ce(NO3)3+6H20-
(NH4)2HPO4 indicated the existence of ammonium nitrate from XRD and IR
analyses. In the same way, samples heated at 150C in the systems of
NdCl3+6H20-(NH4)2HPO4 and Ce(NO3)3+6H20-(NH4)2HPO4 indicated the exist-
ence of ammonium chloride. Therefore, samples were washed with water to remove
ammonium nitrate or ammonium chloride, and then specific surface areas of samples
were measured by adsorption of nitrogen. Large increase of specific surface areas
were observed on these washed samples at 150°C. Ammonium nitrate and ammo-
nium chloride made specific surface areas of thermal products small. Specific
surface areas at 300C had less change than those at 150°C. Samples heated at 300

C had less ammonium nitrate and ammonium chloride.

In samples heated at 300C, ground samples had larger specific surface areas
than the mixture (non-ground, (a)). Especially, samples (d) had much larger ones.
The factor which made specific surface area larger is to mix in minuteness by
grinding and then to react much throughly in heating process. The factor which
made specific surface areas smaller is to be flocculated in grinding procedure.
Specific surface areas of Rhabdophane-type neodymium and cerium phosphates
depended on these factors. Since grinding with ethanol prevented the flocculation of

materials, samples ground with ethanol had larger specific surface areas than others.
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Table 3-1 Specific surface areas of Rhabdophane-type rare earth phosphates

/m2eg’!
rare earth condition Ce Nd
anion 150C 20h  300°C 20h  1507C 20h 300°C 20h
Nitrate (a) 34.0 81.1 04 30.1
(b) 0.1 86.7 0.5 96.9
(©) 0.1 87.6 36.8 95.6
(@ 76 114.0 20.5 119.0
(e) 77.6 106.4 893 114.2
Chloride (a) X X X 61.9
) 46 52.5 53 69.9
(©) 12.1 46.1 16.3 67.6
(d 249 64.8 38.6 82.1
(e) 86.8 77.5 108.5 87.7

X representéd this condition had not produced Rhabdophane-type rare earth
phosphate, (a); the mixture (non-ground), (b); sample ground without grinding media,
(c); samples ground with water, (d); sample ground with ethanol, and (e), sample
washed with water after grinding with ethanol and then heating.

Rhabdophane-type rare earth phosphate is known to have vacancies [10-12].
Figure 3-7 shows pore size distribution of samples prepared from Nd(NO3)3+6H20-
(NH4)2HPO4 at 300C by Barett - Joyner - Halenda method [19]. Pretreatment by
grinding gave the difference of pore surface areas of products, however didn't give

the difference of pore size distribution.
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Fig. 3-7. Pore size distribution of samples prepared from
Nd(NO3)3+6H20-(NH4)2HPO4 at 300C,
(a) mixture (non-ground), (b) sample ground
without grinding media, (c) sample ground
with water, and (d) sample ground with ethanol.

3.4. Conclusion

Rhabdophane-type rare earth (Nd or Ce) phosphate was produced in mecha-
nochemical reaction between Nd(NO3)3+6H20-(NH4)2HPO4 or Ce(NO3)3°6H20-
(NH4)2HPO4. Rhabdophane-type neodymium phosphate was formed at lower tem-
perature in the mixture of NdCI3+6H20-(NH4)2HPO4. In the system of CeCl3+7H20-

(NH4)2HPO4, the pretreatment of grinding changed thermal product from cerium
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oxide to Rhabdophane-type cerium phosphate. XRD peaks of Rhabdophane-type
neodymium or cerium phosphate were strong in samples ground with water. Samples

ground with ethanol had large specific surface areas.
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Abstract

Urea or biuret was added into the thermal synthetic system of Rhabdophane-type
neodymium and cerium phosphates. The mixture of a rare earth compound, a
phosphorus compound, and an additive (CO(NH2)2 or NH(CONH2)2) was heated at
150°C or 300C for 20 hours, and the thermal products were analyzed by XRD, FT-
IR, and BET method. H3PO4 and (NH4)2HPO4 were used as for phosphorus
compounds, and for rare earth compounds, Nd203, Nd(NO3)3+6H20, NdCl3+6H20,
Nd2(C03)3°8H20, Ce02, Ce(NO3)3*6H20, CeCl3+7H20, and Ce2(CO3)3+8H20 were
used. Urea and biuret worked not only as a dispersing agent but also as a reactant.
By the addition of biuret, the thermal products changed from cerium oxide to
Rhabdophane-type cerium phosphate in the system using CeCl3*7H20 and
(NH4)2HPO4. Addition of urea or biuret had influence on specific surface area of
Rhabdophane-type neodymium and cerium phosphates. Furthermore, to increase the
uniformity of the raw solid materials, mechanical treatment was performed. The
mixture of diammonium hydrogenphosphate and a rare earth compound was ground
with water or ethanol, and then heated. The influence by the addition of urea or

biuret was also studied in these systems.

4.1. Introduction

Phosphates have been used for ceramic materials, catalysts, fluorescent materials,
dielectric substances, metal surface treatment, manure, detergent, food additives, fuel
cells, etc. In general, phosphates transform to various other phosphates with hydroly-

sis and dehydration reactions by heating [1,2]. The formation and structure of
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phosphates depend on heating temperature, rate, and time, the cooling rate of melts,
the atmosphere, and kinds of cations in phosphate [3,4]. Anhydrous rare earth
orthophosphate is the main component of natural Monazite and Xenotime which are
rare earth element ores. Rhabdophane-type rare earth orthophosphates have a spe-
cific structure with vacant spaces [S]. Rhabdophane-type rare earth phosphate had
larger specific surface area than other rare earth phosphates [6].

Thermal syntheses of phosphates were widely studied. The effects of addition of
organic nitrogen compounds on synthesis of various phosphates were reported. Urea,
biuret, cyanuic acid, and melamine were added on synthesis of sodium cyclo-
triphosphate from sodium dihydrogenphosphate [7]. The addition of urea and biuret
brought about the high yield of sodium cyclo-triphosphate. The addition of urea into
lithium phosphate made to change the thermal product from cyclo-hexaphosphate to
cyclo-triphosphate [8]. A novel cyclo-octaphosphate was formed in the mixture of
copper ( Il ) oxide - ammonium dihydrogenphosphate - urea [9]. Furthermore, an ad-
dition of urea supported the formation of cyclo-triphosphate in the mixture of lead
(I ) oxide - ammonium dihydrogenphosphate - urea [10].

The uniformity of raw materials is important in solid state reaction. Physical and
chemical properties of solid materials are changed by crusing, pressing, milling, and
other mechanical treatments [11-16]. These phenomena are known as mechanochemi-
cal effects, which comprises of the increase of surface area, defects and strain, and
the cleavage of chemical bonds, and so on. These mechanochemical phenomena
remarkably depend on the conditions of the mechanical treatment [17,18]. To
improve the efficiency of the mechanical treatment, various ligiud and solid com-
pounds were reported as grinding media. These grinding media had effects to lower
the surface energy, to enhance the degree of dispersion, and so on. Mechanochemi-

cal treatment with water or ethanol as a pretreatment was effective method to obtain
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Rhabdophane-type neodymium and cerium phosphates which have large specific
surface area (Chap.3).

In this Chapter, the influence by the addition of urea or biuret was investigated
on synthesis of Rhabdophane-type neodymium and cerium phosphates. Furthermore,

mechanochemical effects were also studied in synthesis of these phosphates.

4.2. Experimental

4.2.1. Sample preparation

Figure 4-1 shows schematic diagram of experimental procedure. Urea was mixed
with phosphoric acid and a rare earth compound in the molecular ratio of CO(NH2)2
/ H3PO4 / rare earth element=0/1/1, 1/1/1, or 3/1/1. As for rare earth
compounds, Nd203, Nd(NO3)3-6H20, NdCI3«6H20, Nd2(C03)3-8H20, CeO2,
Ce(NO3)3*6H20, CeCl3°7H20, and Ce2(CO3)3°8H20 were used. Biuret was used in
the same manner as urea. Diammonium hydrogenphosphate replaced with phospho-
ric acid in the above mixtures.

The mixture of an additive (urea or biuret), diammonium hydrogenphosphate, and
a rare earth compound was also ground with water or ethanol for 6 hours in the
liquid - solid ratio of about 5ml/g. This mixture was heated at 150°C or 300C for
20 hours.

In this Chapter, NA, Ul, and U3 samples are defined as the materials prepared
in CO(NH2)2 / phosphorus / rare earth element=0/1/1, 1/1/1, and 3/1/1,
respectively. In the same way, Bl and B3 samples are defined as the materials

prepared in NH(CONH2)2 / phosphorus / rare earth element=1/1/1 and 3/1/1,
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Nd203,
CO(NH2)2 ) Nd(NO3)3+6H20,
NH(CONH2)2 (B) NdCI3+6H20,
Nd2(CO3)3+8H20,
Ce02,
Ce(NO3)3+6H20,
H3PO4 CeCl3+TH20,
(NH4)2HPO4 Ce2(CO3)3-8H20

heat
-—( Mixture HHeated sample)—

mixture of (NH4)2HPO4

grind with water or ethanol
(GW or GE)

heat
@ound sampleHHeated sample)

vy v v v

XRD
FI-IR FT-IR
) BET

Fig. 4-1. Experimental procedure.

respectively. Furthermore, GW and GE are defined as samples ground with water

and ethanol, respectively.
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4.2.2. Analytical procedures
X-Ray diffraction patterns were recorded on a Rigaku Denki RINT 1200M X-Ray
diffractometer using monochromated CuK « radiation. The IR spectra were recorded

on a HORIBA FT-IR spectrometer FT-710 with a KBr disk method. The specific

surface areas of samples were calculated from the amount of nitrogen gas adsorbed
at the temperature of liquid nitrogen by five-points BET method (P/Po=0.10, 0.15,
0.20, 0.25, and 0.30) with Gemini-Micromeritics 2360 from Shimadzu Corp. Ltd.

The grinding apparatus was an Ishikawa's grinder equipped with an agate motar.

4.3. Results and discussion

4.3.1. An additive / H3PO4 / a rare earth compound

In previous reports [7-10], the effects of addition of organic nitrogen compounds
were studied in the phosphorus / cation ratio of cyclo-phosphates. Therefore, the
author investigated the effects of addition of urea on formation of rare earth
phosphates in the ratio of phosphorus/rare earth element (La, Ce, or Pr) = 3. The
effects of addition were little observed because rare earth polyphosphates ( La(PO3)3,
Ce(P0O3)3, and Pr(PO3)3 ) were easily formed. In this Chapter, the effects of addition
of urea or biuret were investigated in the ratio of rare earth orthophosphate (P /Nd
=1 or P/Ce=1).

Figure 4-2 shows typical XRD patterns of thermal products. Thermal products in
the system of H3PO4-Ce02 (NA, Ul, U3, Bl, and B3) were the mixture of CeQ2
and CeP207 (for example Fig. 4-2 (a)). In the system of H3P04-CeO2, Rhabdophane-

type cerium phosphate was not formed with and without the addition of urea or
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Fig. 4-2.
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XRD patterns of samples, (a) U3-H3P04-CeO2 300C

20 hours, (b) U3-H3P04-Ce(NO3)3*6H20 150°C 20 hours,

(¢) U3-H3PO4-CeCl3+TH20 150°C 20 hours, (d) B3-
H3PO4-CeCl3+7H20 150C 20 hours, and (e) B3-H3PO4-
Ce2(C03)3°8H20 150C 20 hours, @ ; Ce02, ¥V ; CeP207,
O'; Rhabdophane-type CePO4, ¥ ; NH4NO3, and A ; NH4CL
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biuret. Samples of H3P04-Ce(NO3)3+6H20, H3P04-CeCl3+7H20, and H3PO4-
Ce2(CO3)3+8H20 at 150°C and 300°C (NA, Ul, U3, B1, and B3) indicated XRD
peak patterns of Rhabdophane-type cerium phosphate (for example Fig. 4-2 (b)-(e)).
Furthermore, the peaks of ammonium nitrate were also observed in XRD pattern of
sample of U3-H3P04-Ce(NO3)3+6H20 at 150C (Fig. 4-2 (b)). Samples of U3-
H3P0O4-CeCl3*7TH20 and B3-H3P04-CeCl3+7H20 at 150C had the peaks of ammo-
nium chloride (Fig. 4-2 (c)(d)). Ammonium nitrate and ammonium chloride were

decomposed and volatilized below 300C. Urea and biuret worked not only as a
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dispersing agent but also as a reactant. These reactions are formulated as follows;

H3PO4+Ce(NO3)3+2(NH2)2CO+2H20 — CePO4+3NH4NO3+2CO2+NH3 (1)

4NH4NO3 — 4NH3+4NO2+2H20+02 )
H3PO4+CeCl3+2(NH2)2C0+2H20 — CePO4-+3NH4Cl+2CO2+NH3 3)
NH4Cl — NH3+HCI @)
H3P04+CeC13-+(NH2CO)2NH+2H20 — CePO4+3NH4Cl+2CO2 (5)
NH4Cl — NH3+HCI (@)

Urea and biuret were also decomposed simply at the same time by heating.
(NH2)2CO+H20 — 2NH3+CO2 6)
(NH2CO)2NH+2H20 — 3NH3+2CO2 @)

Figure 4-3 shows typical IR spectra of thermal products. IR spectrum of samples of

(a)
E (b)
8
=

| i L I

3600 2700 1800 900
Wavenumber /cm-!

Fig. 4-3. IR spectra of samples at 150C for 20 hours,
() U1-H3P04-Ce(NO3)3-6H20, (b) U1-H3PO4-
CeCl3+7H20, and (c) U1-H3PO4-Ce2(CO3)3+8H20.
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H3P04-CeO2 was not shown because Rhabdophane-type cerium phosphate was not
formed in these samples. Samples of H3PO4-Ce(NO3)3*6H20 (NA, U1, U3, B1, and
B3) at 150°C had the strong absorption at about 1400cm™ (for example Fig. 4-3 (a)).
This absorption indicated the presence of nitrate anion in thermal product at 150C

Samples of H3P04-Ce(NO3)3.6H20, H3P04-CeCi3*7H20, and H3PO4-
Ce2(C0O3)3°8H20 (U1, U3, B1, and B3) had the peaks at about 1400cm™ and
3100cm™ (for example Fig.4-3 (a)-(c)). These peaks were due to ammonium ion.
These IR spectra agreed with the XRD resuits.

Rhabdophane-type neodymium phosphate was formed in all samples of H3PO4-
Nd203, H3PO4-Nd(NO3)3°6H20, H3PO4-NdCi3+6H20, and H3PO4-Nd2(CO3)*8H20
(NA, Ul, U3, Bl, and B3) by heating. XRD patterns of ammonium nitrate and
ammonium chloride were also observed in the same fashion with cerium salts.

In previous reports, the influence of urea or biuret was discussed based on the
nitrogen / phosphorus ratio [7,8,10]. Therefore, in this report, specific surface areas of
Rhabdophane-type rare earth phosphates were also estimated on the N/P ratios. The
N/P ratios of NA, Ul, U3, Bl, and B3 samples prepared from H3PO4 were 0, 2,
6, 3, and 9, respectively. Figure 4-4 shows specific surface areas of samples of
H3P04-Nd(NO3)3+6H20, H3PO4-NdCl13-6H20, H3P04-Ce(NO3)3°6H20, and H3PO4-
CeCl13+7H20 at 300C. Specific surface areas of a large part of samples increased
by the addition of urea or biuret. In the systems of H3PO4-Nd(NO3)3°6H20,
H3P04-Ce(NO3)3*6H20, and H3PO4-CeCl3+7H20, U3 samples (N/P=6) had large
specific surface area. B3 samples (N/P=9) were considered to have too large N/P

ratio. Specific surface areas had some relationship with the N/P ratios.
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Fig. 4-4. Specific surface areas of samples of H3PO4-Nd(NO3)3*6H20
(@), H3PO4-NdCI3-6H20 (), H3PO4-Ce(NO3)3+6H20 (O),
and H3P04-CeCl3+7H20 ([]) at 300°C for 20 hours.

4.3.2. An additive / (NH4)2HPO4 / a rare earth compound

The changes in XRD patterns were observed by heating below 300C in the
systems of (NH4)2HPO4-Nd(NO3)3+6H20, (NH4)2HPO4-NdCl13+6H20, (NH4)2HPO4-
Ce(NO3)3+6H20, and (NH4)2HPO4-CeCl37H20. Rhabdophane-type neodymium or
cerium phosphate was formed in the mixtures of (NH4)2HPO4-Nd(NO3)3°6H20,
(NH4)2HPO4-NdClI3+6H20, and (NH4)2HPO4-Ce(NO3)3*6H20. Rhabdophane-type
neodymium or cerium phosphate was not formed in the mixtures of (NH4)2HPO4-
Nd203, (NH4)2HPO4-Nd2(CO3)3-8H20, (NH4)2HPO4-Ce02, and (NH4)2HPO4-
Ce2(CO3)3+8H20. There are some differences between the systems using (NH4)2HPO4

and the systems using H3PO4. Diammonium hydrogenphosphate produces ammonia
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by heating. Since the vapor of ammonia in the systems using (NH4)2HPO4 was
richer than that in the systems using H3PO4, NH4NO3 and NH4Cl were easily
formed. For this reason, some samples indicated the XRD peaks of NH4NO3 and
NH4Cl.

Figure 4-5 shows XRD peak patterns of samples prepared from (NH4)2HPO4-
CeCl3+7H20 at 300C. Sample of NA-(NH4)2HPQ4-CeCl3+7H20 indicated XRD
pattern of CeO2. Sample of B1-(NH4)2HPQ4-CeClI3+7H20 had the peaks of cerium
oxide and weak peaks of Rhabdophane-type cerium phosphate. Sample of B3-
(NH4)2HPQ4-CeCl3-7H20 had single phase XRD pattern of Rhabdophane-type
cerium phosphate. By heating, urea and biuret were decomposed into NH3 and CO2

with surrounding water (equ.(6)(7)). The NH3 and CO2 were considered to be the

Intensity

10 20 30 40 50 60
20 /deg.

Fig. 4-5. XRD patterns of samples of (NH4)2HPO4-
CeClI3+7H20 heated at 300°C for 20 hours,
O; Rhabdophane-type CePO4 and 4; CeO2.
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factors which made thermal products changed.

Specific surface areas of Rhabdophane-type neodymium and cerium phosphates
were measured and estimated on the N/P ratios. The N/P ratios of NA, Ul, U3, B1,
and B3 samples prepared from (NH4)2HPO4 were 2, 4, 8, 5, and 11, respectively.
However, specific surface areas of Rhabdophane-type neodymium and cerium phos-
phates didn't have a regularity with these N/P ratios. As a factor of irregularity of
specific surface areas, the mixing condition of solid materials could be considered.
To increase the uniformity of the raw materials, mechanical treatment was per-

formed.

4.3.3. Mechanochemical effects

To mix minutely and to react uniformly, mechanical treatment was occasionally
used before heating [12]. From Section 4.3.2., if the mixtures of (NH4)2HPO4-
Nd203, (NH4)2HPO4-Nd2(CO3)3-8H20, (NH4)2HPO4-CeO2, and (NH4)2HPO4-
Ce2(CO0O3)3+8H20 are treated mechanically before heating, Rhabdophane-type neody-
mium and cerium phosphates are unlikely to form. Therefore, in this Section 4.3.3,
the systems of rare earth oxide and carbonate were not carried out. The mixtures of
(NH4)2HPO4-Nd(NO3)3°6H20, (NH4)2HPO4-NdCI13+6H20, (N‘H4)2HPO4-
Ce(NO3)3:6H20, and (NH4)2HPO4-CeCl13+7TH20 were difficult to treat mechanically
because of viscous solid. Therefore, water or ethanol was added to the mixtures of
(NH4)2HPO4-Nd(NO3)3¢6H20, (NH4)2HPO4-NdCl13-6H20, (NH4)2HPO4-
Ce(NO3)36H20, and (NH4)2HPO4-CeCl3+7H20, and then treated with grinding-
mill. The treatment with water or ethanol was expected to make surface energy
decrease and to prevent the flocculation of materials.

Rhabdophane-type cerium and neodymium phosphates were not formed in purity

in the systems of Bl-, B3-(NH4)2HPO4-NdC13+6H20, NA-, Ul-, U3-, and Bl-
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(NH4)2HPO4-CeCl13+7H20. By grinding with water or ethanol before heating,
Rhabdophane-type neodymium and cerium phosphates were produced in purity from
XRD analyses in these samples.

Figure 4-6 shows specific surface areas of samples of (NH4)2HPO4-
Nd(NO3)3:6H20-GW, (NH4)2HPO4-NdCl3°6H20-GW, (NH4)2HPQ4-Ce(NO3)3+6H20-
GW, and (NH4)2HPO4-CeCl3¢7TH20-GW. The N/P ratios of NA, Ul, U3, Bl, and
B3 samples prepared from (NH4)2HPO4 were 2, 4, 8, 5, and 11, respectively. In the
systems of (NH4)2HPO4-NdCl13+6H20-GW and (NH4)2HPQ4-CeCl3+7TH20-GW, there

was some extent relation between the specific surface areas and these N/P ratios. In
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Fig. 4-6. Specific surface areas of samples of (NH4)2HPO4-
Nd(NO3)3+6H20-GW (@), (NH4)2HPO4-NdCl3+6H20-
GW (), (NH4)2HPO4-Ce(NO3)3+6H20-GW ( O),
and (NH4)2HPQ4-CeCl37TH20-GW ([]) at 300
for 20 hours.
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the systems of (NH4)2HPO4-Nd(NO3)3°6H20-GW and (NH4)2HPQ4-Ce(NO3)3+6H20-
GW, specific surface areas became large by the addition of urea or biuret.
Specific surface areas of samples ground with ethanol were about 100m?/g. These

specific surface areas had little regularity with the NP ratios.

The addition of urea or biuret had influence on synthesis and specific surface

areas of Rhabdophane-type neodymium and cerium phosphates.
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Part I
Thermal Behavior of Rare Earth Phosphates

Chapter 3.
Thermal behavior of various rare earth phosphates



Chapter 5.

Abstract

Thermal behavior of various rare earth phosphates synthesized from rare earth
oxide and phosphoric acid in heating process was investigated by TG-DTA, XRD,
FT-IR, and HPLC-FIA. Rhabdophane-type (light rare earth element) and Weinshenkite-
type (heavy rare earth element) rare earth orthophosphates transformed to Monazite-
type and Xenotime-type rare earth orthophosphates by heating, respectively. Rare
earth polyphosphate and ultraphosphate changed to Monazite-type (light rare earth
element) and Xenotime-type (heavy rare earth element) rare earth orthophosphates by
losing P205. Rare earth cyclo-phosphate was not formed by heating the mixture of
rare earth oxide and phosphoric acid. Then rare earth cyclo-octaphosphate and
polyphosphate were synthesized in solution reaction and their thermal behaviors
were also investigated. Rare earth cyclo-octaphosphate and polyphosphate synthe-
sized in solution reaction were decomposed to ortho-, pyro-, tri-, and oligo-
phosphates below 200C. These phosphates were condensed to amorphous
polyphosphate by heating. Then this amorphous polyphosphate was crystallized at

specified temperature, which was related to ionic radius of rare earth element.

5.1. Introduction

As mentioned in General Introduction, phosphates condensed and hydrolyzed to
other phosphates by heating. Consequently, to clarify thermal stability of phosphates
as materials, and to find new phosphates, thermal behavior of various phosphates

has been reported. However, thermal behavior of rare earth phosphates is not
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satisfactory to be clarified. In this Chapter, thermal behavior was studied systemati-
cally about various rare earth phosphates synthesized from rare earth oxide and
phosphoric acid by heating. However, rare earth cyclo-phosphates were not formed
by heating [1]. Therefore, rare earth cyclo-octaphosphate and polyphosphate were

synthesized in solution reaction and their thermal behaviors were also investigated

[2].

5.2. Experimental

5.2.1. Thermal products

Rhabdophane-type rare earth orthophosphate was synthesized from rare earth
oxide (La203, Pr6011, Nd203, or Sm203) and phosphoric acid in P/R=1 at 150C
for 20 hours. Rare earth oxide (Yb203 or Y203) was mixed with phosphoric acid
in P/R=1 at < 5°C. Weinshenkite-type rare earth orthophosphate was obtained by
heating this mixture at 80C for 20 hours. Monazite-type (La, Ce, Pr, Nd, and Sm)
and Xenotime-type (Yb and Y) rare earth orthophosphates were synthesized from
rare earth oxide and phosphoric acid in P/R=1 at 700°C for 20 hours. Furthermore,
Monazite-type and Xenotime-type rare earth orthophosphates were also synthesized
from rare earth oxide and diammonium hydrogenphosphate at 1000°C for 20 hours.

Rare earth polyphosphate was synthesized from rare earth oxide (La, Ce, Pr, Nd,
Sm, Yb, or Y) - phosphoric acid or from rare earth oxide - diammonium
hydrogenphosphate in P/R=3 at 700°C for 20 hours.

The mixture of rare earth oxide (La203, CeO2, Pr6011, Nd203, or Sm203) -
phosphoric acid or the mixture of rare earth oxide - diammonium hydrogenphosphate

in P/R=10 was heated at 700°C for 20 hours. Rare earth ultraphosphate was
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obtained by washing this thermal product with water to remove excess phosphoric
acid.

CeP207 and Ce(PO3M, which were tetravalent cerium phosphate, were formed by
heating the mixture of cerium oxide - phosphoric acidv or the mixture of cerium oxide
- diammonium hydrogenphosphate in P/Ce=2 and 4 at 700°C for 20 hours, respec-

tively.

5.2.2. Precipitates

Rare earth cyclo-octaphosphate was synthesized as follows. Slightly excess amount
of each rare earth nitrate solution (rare earth element; Sc, Y, La ~ Lu, except for
Pm) was mixed with sodium cyclo-octaphosphate solution [3,4]. The precipitates
formed were filtered off, washed with water, and then dried in air. Phosphorus and
rare earth elements in these precipitates were analyzed quantitatively by Molybde-
num Blue Method and by back titration with EDTA and Zn standard solutions,
respectively. The mole ratio of P/R (P: phosphorus, R: rare earth element) resulted in
3 except for scandium salt.

Rare earth polyphosphate was synthesized from rare earth nitrate solution (Pr, Nd,
Yb, and Y) and sodium polyphosphate solution in the same manner with rare earth

cyclo-octaphosphate [5].

5.2.3. Analytical procedures
Thermal behavior of various rare earth phosphates was investigated with
thermogravimetry - differential thermal analyses (TG-DTA), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), and high-performance liquid chro-
matography - flow injection analysis system (HPLC - FIA).
XRD patterns were recorded on a Rigaku Denki RINT 1200M X-Ray diffractometer
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using monochromated CuK « 1 radiation. IR spectra were recorded on a HORIBA
FT-IR spectrometer FT-710 with a KBr disk method. TG-DTA were carried out at
a heating rate of 10C/min, using a Rigaku Denki Thermo Plus TG8120. The
phosphorus distribution in phosphates was determined with HPLC - FIA from TOSOH
corp. Ltd. The separations were performed on a column (250 X4.0mm ID.) packed
with a polystyrene - based anion exchanger (TSK gel SAX, dp=10 xm, Toyo Soda).
The eluents for the chromatographic separation of phosphates were comprised of
appropriate concentrations of potassium chloride and 0.1% (w/v) Na4EDTA (pH 10).
The Mo(V) - Mo(VI) reagent for the analysis of phosphates was prepared by the
method of F. Lucena - Conde and L. Prat[6]. The heteropoly blue complex thus
formed was detected at 830 nm in the flow cell. The insoluble phosphate (high -
polyphosphate) was determined after decomposition by heating with hydrochloric

acid.

5.3. Results and discussion

5.3.1. Thermal products

Figure 5-1 shows TG-DTA curves of Rhabdophane-type (La, Pr, Nd, and Sm) and
Weinshenkite-type (Yb and Y) rare earth orthophosphates synthesized from H3PO4.
In cerium salts, these phosphates were not formed. DTA curves of Rhabdophane-
type rare earth orthophosphates had two endothermic peaks at about 60°C and 240
'C. The endothermic peak at about 60°C was due to adsorbed water, and the peak
at about 240C corresponded to crystalline water. DTA curves of Weinshenkite-type
rare earth orthophosphates had the peak at about 280°C. This peak was due to

crystalline water. Gentle weight loss was observed in TG curve of itterbium salt,
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Fig. 5-1. TG-DTA curves of Rhabdophane-type (La, Pr, Nd, and Sm) and
Weinshenkite-type (Yb and Y) rare earth orthophosphates.
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Fig. 5-2. XRD patterns of Rhabdophane-type PrPO4 synthesized
from PreO11 and H3PO4 heated at several temperatures,
O ; Rhabdophane-type PrPO4 and @ ; Monazite-type PrPO4.
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Fig. 5-3. XRD patterns of Weinshenkite-type YbPO4 synthesized
from Yb203 and H3PO4 heated at several temperatures,
A; Weinshenkite-type YbPO4 and A; Xenotime-type YbPO4.

which was due to adsorbed water. Figures 5-2 and 5-3 show XRD patterns of
Rhabdophane-type PrPO4 and Weinshenkite-type YbPO4 heated at several tempera-
tures, respectively. Praseodymium salt heated at 700°C indicated XRD pattern of
Rhabdophane-type PrPO4, and praseodymium salt heated at 1200C did XRD pattern
of Monazite-type PrPO4. On the other hand, Weinshenkite-type YbPO4 transformed
to Xenotime-type YbPO4 at 300°C. Rhabdophane-type rare earth orthophosphate
losed crystalline water with keeping their structure, however Weinshenkite-type rare
earth orthophosphate losed crystalline water with decomposed their structure. These
results were supported from IR spectra. Monazite-type and Xenotime-type rare earth
orthophosphates had no change under 1200C.

Rare earth (La, Pr, Nd, Sm, Yb, and Y) polyphosphates, R(PO3)3, transformed to
Monazite-type (La, Pr, Nd, and Sm) and Xenotime-type (Yb and Y) rare earth
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orthophosphates with volatilization of P205 above 700C [7,8]. Rare earth (La, Ce,
Pr, Nd, and Sm) ultraphosphates, RP5014, also changed to Monazite-type rare earth
orthophosphates via polyphosphate with volatilization of P205 above 700°C. Ther-
mal products in P/Ce=1, 2, 3, and 4 were the mixture of Monazite-type CePO4,
CeP207, Ce(PO3)3, Ce(PO3)4, and CeP5014. These mixtures also changed to Mona-
zite-type CePO4 with volatilization of P205 above 700C.

The kind of phosphorus raw materials (H3PO4 and (NH4)2HPO4) had less
influence on the thermal behaviors of Monazite-type and Xenotime-type rare earth

orthophosphates, polyphosphate, and ultraphosphate.

5.3.2. Precipitates

Figure 5-4 shows TG-DTA curves of Ers(P8024)3s-nH20. An endothermic peak at
about 100°C accompanied by weight loss and two exothermic peaks at about 200
‘C and 790°C were observed. The endothermic peak at about 100C was due to

dehydration. The amount of water of crystallization and adsorbed water, n, was
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Fig. 5-4. TG-DTA curves of Ers(P8024)3snH20.
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Fig. 5-5. XRD patterns of Er8(P8024)3snH20 heated
at several temperatures, V ; Er(PO3)3 and
WV ;. Xenotime-type ErPO4.

Intensity

f

about 30 calculated from the weight loss in TG curve. Some of these water is
coordinated to rare earth element. The ring structure of erbium cyclo-octaphosphate
was decomposed with the removal of the water.

To clarify these thermal changes at each temperature, XRD and HPLC-FIA of
the thermal products were performed. Figure 5-5 shows X-ray diffraction pattemns of
the products heated by TG-DTA apparatus. The original sample of erbium cyclo-
octaphosphate was amorphous phase by XRD analysis. The diffraction patterns of
the products heated below 700C also illustrated amorphous phases. On the other
hand, those at 850°C and 1000C showed the peaks of erbium polyphosphate,
Er(PO3)3, and the product at 1200°C was the mixture of erbium polyphosphate and
Xenotime-type erbium orthophosphate, ErPO4.

Table 5-1 shows the phosphorus distribution of products heated at several

temperatures. At 200°C, a large portion of starting material (cyclo-octaphosphate)

-75-



Chapter 5.

Table 5-1 Changes of phosphorus distribution of Er8(P8024)3+nH20
heated at several temperatures /phosphorus %

Temp. /C P1 P2 P3 Poligo P8m Pinsol.
R.T. 0 0 2.0 3.4 94.6 0
200 49 59 7.4 543 13.8 13.7
450 1.2 0.6 14 43.1 0.9 52.8
700 0.7 0 0 9.6 0 89.7
850 0.3 0 0 1.3 0 98.4

1000 0 0 0 0.8 0 99.2

P1, P2, P3, Poligo, P8m, and Pinsol. represent ortho-, pyro-, tri-, oligo-(chain-length,
n=4 ~ 20), cyclo-octa- and insoluble (high-poly-) phosphate, respectively.

changed already to short-chain phosphates and about 14% of cyclo-octaphosphate
still remained. At 450C, cyclo-octaphosphate almost disappered, and the half of the
phosphorus changed to polyphosphate. Above 450C, the polyphosphate increased,
and at 850C almost of phosphates were polyphosphate.

Therefore, the endothermic peak at about 100C was due to dehydration, and
the exothermic one at about 200°C corresponds to hydrolysis. The endothermic peak
seemed to be large peak because the exothermic peak overlapped to the endothermic
peak. Heating above 200°C, sample gradually changed to amorphous polyphosphate,
and crystallized at 790C. Further heating, polyphosphate transformed into very
stable orthophosphate losing P205 according to the following equation [7,8].

> 1000
Er(PO3)3 ——» ErPO4+P205
Based upon the above results, the processes of the thermal behavior of rare earth

cyclo-octaphosphate proceed in the following way.
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cyclo-octaphosphate — ortho-, pyro-, tri- and oligo-phosphates
— polyphosphate — orthophosphate (Monazite-type or Xenotime-type)

All of R8(P8024)3+nH20 (R=Y, La ~ Lu, except for Pm) were examined in the
same method, and showed similar results of TG-DTA, XRD, and HPLC-FIA. Figure
5-6 shows FT-IR spectrum of Er8(P8024)3°nH20. The intense absorption peaks
present at about 1630, 1260, 945 and 510cm™ in all rare earth cyclo-octaphosphates
[9]. Because the cyclic structure is formed for rare earth cyclo-octaphosphates by the
synthetic process in water, water molecule in the structure is necessary to stabilize
the salts, and the removal of structural water lead to the decomposition into the
amorphous phase. As a results of the decomposition, cyclo-octaphosphates became
amorphous phases composed of the mixture of ortho-, pyro-, tri-, and oligo-
phosphates, followed by condensation to amorphous polyphosphate. These amor-
phous polyphosphates crystallized at the characteristic temperature of each rare earth

element, e.g., 790C in erbium salts as shown in Fig. 5-4. These temperatures of

Transmittance
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Fig. 5-6. IR spectrum of Er8(P8024)3enH20.
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Fig. 5-7. Relationship between rare earth ionic radius (+ I ,
Coor.No.6) and temperature of crystallization (Tc).

crystallization (Tc) in DTA curves had a little difference in rare earth elements.
Figure 5-7 shows the relationship between Tc and ionic radii of cations of which
the coordination number is 6. The crystallization temperature increased with decreas-
ing ionic radii of rare earth elements. This tendency was similar to those of glass
transition point and melting point [10,11]. Therefore, it is clear that the crystalliza-
tion of amorphous phase depends on glass transition point and melting point.
Rare earth polyphosphate synthesized in solution reaction was investigated in the
same manner for reference. Rare earth polyphosphate synthesized in solution reac-
tion had the similar themal behavior with rare earth cyclo-octaphosphate synthesized
in solution reaction. TG-DTA curve of rare earth polyphosphate synthesized in
solution reaction was the same with those of rare earth cyclo-octaphosphates. Table
5-2 shows HPLC - FIA results of praseodymium polyphosphate synthesized in

solution reaction. Praseodymium polyphosphate was hydrolyzed to short - chain
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Table 5-2 Changes of phosphorus distribution of Pr(PQ3)3+nH20
heated at several temperatures

Temp. /C P1 P2 P3 Poligo. Pinsol.
R.T 1.1 03 02 0 98.4
200 104 8.7 6.4 25.1 494
400 29 1.5 1.9 7.6 86.1
600 09 0.5 0.5 20 96.1
800 0 0 0 0 100.0

P1, P2, P3, Poligo, and Pinsol. represent ortho-, pyro-, tri-, oligo-(chain-length,
n=4 ~ 20), and insoluble (high-poly-) phosphate, respectively.

polyphosphate by heating. These phosphates were condensed to amorphous long -
chain polyphosphate (insoluble phosphate). This amorphous rare earth polyphosphate

crystallized at the characteristic temperature, which was the same with Fig. 5-7.

5.4. Conclusion

Rhabdophane-type and Weinshenkite-type rare earth orthophosphates were trans-
formed to Monazite-type and Xenotime-type rare earth orthophosphates with volatili-
zation of P205 by heating, respectively. Rare earth polyphosphate and ultraphosphate
synthesized in thermal procedure changed to Monazite-type or Xenotime-type rare
earth orthophosphate with volatilization of P205 by heating.

Rare earth cyclo-octaphosphates, R8(P8024)3-nH20 (R=Y, La~Lu, except for Pm),
were synthesized by mixing rare earth nitrate solution with sodium cyclo-octaphosphate
solution. Their thermal reactions proceeded in a similar process; cyclo-octaphosphate
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changed to polyphosphate by way of ortho-, pyro-, tri-, and oligo-phosphates, and
finally transformed to Monazite-type or Xenotime-type orthophosphate. The tempera-
ture of crystallization varied with rare earth element, and increased with the
decrease of ionic radius of cation. Rare earth polyphosphate prepared in solution
reaction was amorphous state, and had the similar thermal behavior with rare earth

cyclo-octaphosphate.
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Abstract

Various rare earth phosphates (rare earth elements; R=La, Ce, Pr, Nd, Sm, Yb,
and Y, phosphate; Monazite-type, Xenotime-type, Rhabdophane-type, and Weinshenkite-
type orthophosphates RPO4, polyphosphate R(PO3)3, and ultraphosphate RP5014) were
synthesized by heating mixtures of each rare earth oxide and diammonium
hydrogenphosphate or phosphoric acid. The compositions of rare earth phosphates
were determined by XRD, FT-IR, and TG-DTA. Catalytic properties were studied as
one of properties of various rare earth phosphates. Specific surface areas of samples
were measured by the BET method. Acid strengths and amounts of acidic sites were
measured using several indicators by n-butylamine titration. Acidic properties were
also confirmed by adsorption of ammonia. Dehydration reaction of 2-propanol and
cracking / dehydrogenation reaction of cumene in pulse method were studied as
possible test reactions for estimation of these catalytic activities. Various rare earth
phosphates were also characterized by catalytic activities on isomerization reaction
of butene in circulation system. The characterization of catalysts was discussed from
kind of rare earth elements (La, Ce, Pr, Nd, Sm, Yb, and Y), kind of phosphates
(Monazite-type, Xenotime-type, Rhabdophane-type, and Weinshenkite-type ortho-
phosphates, polyphosphate, and ultraphosphate), and kind of phosphorus resources (
(NH4)2HPO4 and H3PO4).

6.1. Introduction

Phosphates transform to various other phosphates with hydrolysis and dehydration
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reactions by heating [1,2]. Phosphates have been used for ceramic materials, cata-
lysts, fluorescent materials, dielectric substances, fuel cells, etc [3-12]. There is a
little study about rare earth phosphates than other metal phosphates. Anhydrous rare
earth orthophosphate is the main component of natural Monazite and Xenotime
which are rare earth element ores. Rhabdophane-type rare earth orthophosphates
have a specific structure with vacant spaces[13]. Polyphosphates have chain struc-
tures in which tetrahedral PO4 groups are linked together by oxygen bridges [14].
Rare earth ultraphosphates have the network structure which included the anion
represented by P5014* [15]. A large part of ultraphosphate is not stable for
hydrolysis reaction. However, rare earth ultraphosphate is stable.

The transformation of aliphatic primary and secondary alcohols to olefins and/or
carbonyl compounds on acidic and basic catalysts has been studied [16-20]. The
dehydration occurs on acidic sites, whereas the dehydrogenation is prefered in
presence of basic or redox sites. Both dehydration and dehydrogenation reactions of
2-propanol occur on the acid and basic sites, respectively. Therefore, these reactions
are used as proof of acidic or basic catalyst [3-9]. 2-propanol transforms to
propylene on acidic catalysts and to acetone on basic catalysts. The conversion of
2-propanol to propylene is reported to be related to the amounts of acidic sites [3,
5,9, 10].

On the other hand, cracking / dehydrogenation reaction of cumene is used to
estimate Lewis and Bronsted acid sites of a catalyst from the product [9,10,21].
Cumene conversion gives cracking products as well as dehydrogenation products on
acidic catalysts. Benzene and propylene are the cracking products mainly on
Bronsted acid sites, whereas « -methylstyrene is a dehydrogenation product chiefly
on Lewis acid sites.

The migration reaction of double bond and cis - frans isomerization reaction in
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olefin molecule occur over many materials fields. Butene has minimum number of
carbon atoms in olefin compounds that these both reactions could take place. Then
isomerization reaction of n-butene is used as a representation of isomerization
reaction of olefin [22-25].

In this Chapter, various rare earth phosphates (rare earth elements; R=La, Ce, Pr,
Nd, Sm, Yb, and Y, phosphate; Monazite-type, Xenotime-type, Rhabdophane-type,
and Weinshenkite-type orthophosphates, polyphosphate, and ultraphosphate) were

investigated for catalytic aspects.

6.2. Experimental

6.2.1. Preparation of various rare earth phosphates

Various rare earth phosphates (rare earth elements; R=La, Ce, Pr, Nd, Sm, Yb,
and Y, phosphate; Monazite-type, Xenotime-type, Rhabdophane-type, and Weinshenkite-
type orthophosphates, polyphosphate, and ultraphosphate) were prepared by heating
the mixtures of rare earth oxide and (NH4)2HPO4 or H3PO4 in several ratios of
phosphorus and rare earth elements (P/R) equal 1, 2, 3, 4, and 10. Thermal products
were analyzed by X-ray diffractometry (XRD), Fourier transform infrared spectros-
copy (FT-IR), and thermogravimetry - differential thermal analyses (TG-DTA). X-Ray
diffraction patterns were recorded on a Rigaku Denki RINT 1200M X-Ray
diffractometer, using monochromated CuK «a 1 radiation ( A =0.154nm). The IR
spectra were recorded on a HORIBA FT-IR spectrometer FT-710 with a KBr disk
method. TG-DTA were carried out at a heating rate of 10C/min, using a Rigaku
Denki Thermo Plus TG8120.
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6.2.2. Estimation of surface properties

The surface areas of materials were calculated from the amount of nitrogen gas
adsorbed at the temperature of liquid nitrogen by five-points BET method (P/
Po=0.10, 0.15, 0.20, 0.25 and 0.30) with Gemini-Micromeritics 2360 from Shimadzu
Corp. Ltd. Acidic properties (acidic strength and amount of acidic sites) were
examined by n-butylamine titration using Hammett indicators because the pKa of an
indicator is the factor which determines the level of acid strength of the titrated acid
sites [26]. The Hammett indicators were Methyl red (pKa=+4.8), Dimethy! yellow
(pPKa=+3.3), Benzeneazodiphenylamine (pKa=+1.5), and Dicinnamalacetone (pKa =
-3.0). Acidic properties were also confirmed by adsorption of ammonia. A 0.1g of
a rare earth phosphate was heated at 150°C for 2 hours under nitrogen gas, cooled
to room temperature, and then placed in 3 ¢ of 1040 ppm ammonia gas baranced
nitrogen gas for 24 hours. Then this phosphate was also analyzed by TG-DTA, XRD
and FT-IR.

6.2.3. Dehydration reaction of 2-propanol

The conversion was calculated with dehydration reaction of 2-propanol on a gas
chromatograph G-3000 from Hitachi Corp. Ltd. A column (ID. 3mm and length 2m)
packed with Porapak Q and a thermocoupled detector were used. Helium was used
as carrier gas in 20 mL/min flow rate. Pulse volume of 2-propanol was 0.8 u« L.
Injected 2-propanol was vaporized and carried to catalyst phase. 2-propanol and
catalytic products, propylene and water, were separated in column and detected.

A 0.2 g of a rare earth phosphate was mixed with about 2 mg of glass wool and
then packed in a glass tube with about 10 mg of glass wool at both ends.

Beforehand, glass wool was confirmed to have no activity in this reaction.
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6.2.4. Cracking / dehydrogenation reaction of cumene

The conversion was calculated with cracking/ dehydrogenation reaction of cumene
on a gas chromatograph G-3900 from Hitachi Corp. Ltd. A column (ID. 3mm and
length 2m) packed with 15%TCEP on Uniport B (GL Science) and a thermocouple
detector were used. Helium was used as carrier gas in 20 mL/min flow rate. Pulse
volume of cumene was 0.5 L. Other conditions were the same as for the system

for dehydration of 2-propanol.

6.2.5. Isomerization reaction of butene

Catalytic reaction was carried out in a closed gas circulation system [27]. The
0.2g of phosphate was packed into the glass reaction tube, and then 1-butene (Tokyo
Kasei) was introduced into the reaction system. The reaction gases were analyzed
using a Yanaco G2800 gas chromatograph with a VZ-7 column, which was

connected directly to the gas circulation system.

6.3. Results and discussion

6.3.1. Formation and surface properties

Monazite-type rare earth (La, Pr, Nd, and Sm) orthophosphates and Xenotime-type
rare earth (Y and Yb) orthophosphates were synthesized by heating the mixture in
P/R=1 at 1000°C for 20 hours from (NH4)2HPO4, while Monazite-type and Xenotime-
type rare earth orthophosphates were formed at 700C for 20 hours from H3PO4.
Rhabdophane-type rare earth (La, Pr, Nd, and Sm) orthophosphates were obtained by
heating the mixture in P/R=1 at 150°C for 20 hours from H3PO4. Weinshenkite-
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type rare earth (Yb and Y) orthophosphates were obtained by heating the mixture in
P/R=1 at 80C for 20 hours from H3PO4. Rare earth (La, Ce, Pr, Nd, Sm, Yb, and
Y) polyphosphates were prepared by heating the mixtures in P/R=3 at 700°C for 20
hours. Lanthanum, cerium, praseodymium, neodymium, and samarium ultraphosphates
were obtained by heating the mixtures in P/R=10 at 700°C for 20 hours and then
washing with water to remove the excess phosphoric acid. These rare earth
phosphates except for cerium salts were determined to be single phase materials
from XRD analyses.

Cerium salts in P/Ce=1, 2, 3, and 4 were the mixtures of various cerium
phosphates, Monazite-type CePO4, CeP207, Ce(P03)3, Ce(PO3)4, and CeP5014 by
heating at 700°C for 20 hours. However, in this report, Monazite-type CePO4,
CeP207, Ce(PO3)3, and Ce(PO3)4 are defined as the samples prepared in P/Ce=1,
2,3, and 4, respectively.

TG-DTA, XRD, and FT-IR results indicated that Rhabdophane-type rare earth
(La, Pr, Nd, and Sm) orthophosphates lost the crystalline water at about 240°C with
its structure maintained. However, Weinshenkite-type rare earth (Yb and Y) ortho-
phosphates transformed to each Xenotime-type rare earth orthophosphate by losing

crystalline water.

Table 6-1 shows specific surface areas of various rare earth phosphates. Specific
surface areas of Monazite-type rare earth (La, Pr, Nd, and Sm) orthophosphates and
Xenotime-type rare earth (Yb and Y) oﬁhophosphates prepared from (NH4)2HPO4
were smaller than 2 m%g, whereas those prepared from H3PO4 were about 20~30
m?%g, except for cerium salts. It was considered that the synthetic temperature
influenced the specific surface areas. Samples synthesized at 1000C from H3PO4
had similar specific surface areas to those of samples synthesized from (NH4)2HPO4.

Monazite-type cerium orthophosphate had a small specific surface area, which
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Table 6-1 Specific surface areas of various rare earth phosphates /m2g’!

La Ce Pr Nd Sm Yb Y
M-RPO4 (NH4)2HPO4 09 05 1.7 0.7 0.8 — —

H3PO4 19.7 09 225 244 217 - -
X-RPO4 (NH42HPO4  — — 13 16
H3PO4 — 207 292

R-RPO4 H3PO4 85.0 — 577 85 756 - -
W-RPO4  H3PO4 — 168 178
RP207 (NH4)2HPO4 — 08 - -— - —
H3PO4 03 -

R(PO3)3 (NH4pHPO4 04 05 02 03 06 02 01
H3PO4 2.1 05 0.1 02 04 01 02

R(PO3)4  (NH42HPO4 - 01 -
H3PO4 01 -

RP5014  (NH42HPO4 0.1 01 01 01 01 - -
H3PO4 02 03 03 02 02 - -

M-, X-, R-, and W-RPO4 represented Monazite-type, Xenotime-type, Rhabdophane-
type, and Weinshenkite-type orthophosphates, respectively.
---; This phosphate was not formed.

differed from other Monazite-type rare earth (La, Pr, Nd, and Sm) orthophosphates.
Rare earth (La, Ce, Pr, Nd, Sm, Yb, and Y) polyphosphates and rare earth (La, Ce,
Pr, Nd, and Sm) ultraphosphates had smaller specific surface areas than each rare
earth orthophosphate. Since specific surface areas of these phosphates were very
small, it is difficult to estimate catalytic activities based on specific surface areas.
For this reason, the estimation of catalytic activities in this report was based on

catalyst weight.
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The acid strength of most rare earth phosphates was between -3.0 and +1.5 in
pKa unit. The amount of acidic sites at Ho=+4.8 was smaller than 3 X 10" mole
g Acid strength and amount of acidic sites were less influenced from kind of rare
earth elements (La, Ce, Pr, Nd, Sm, Yb, and Y), kind of various phosphates
(orthophosphate, polyphosphate, and ultraphosphate), and kind of phosphorus re-
sources ( (NH4)2HPO4 and H3PO4). All rare earth phosphates in this Chapter
adsorbed ammonia had no change in TG-DTA and XRD results. However, new IR
absorption peaks appeared by adsorption of ammonia in the case of rare earth
phosphates which have large specific surface area. Figure 6-1 shows IR spectra of
Rhabdophane-type NdPO4 absorbed NH3. The adsorbtions were observed at about
1400cm™ and 3100cm™ which were considered to due to NH4". These absorptions
were disappered by heating. This indicated that a certain degree amount of acid sites

existed on surface of materials.

500C
M
200C

100TC

Transmittance

3600 2700 1800 900
Wavenumber /cm-!

Fig. 6-1. IR spectra of Rhabdophane-type NdPO4 adsorbed NHS3.
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It was considered that catalytic activities of rare earth phosphates were influenced

much by specific surface area less by acidic properties.

6.3.2. Dehydration reaction of 2-propanol

Table 6-2 shows conversion of 2-propanol to propylene over trivalent rare earth
polyphosphates. 1.2-5.2% of 2-propanol transformed to propylene at 200C, 3.6-
13.4% at 225C, and 14.0-32.1% at 250°C. No unique rare earth phosphate was
observed in this table. Acetone was not detected in this Chapter. All rare earth

phosphates had poor basic sites.

Table 6-2 Conversion of 2-propanol to propylene over
various rare earth polyphosphates /%

rare earth Temperature /C
element 200 225 250
La (NH4)2HPO4 39 10.5 32.1
Ce (NH4)2HPO4 35 8.7 232
Pr (NH4)2HPO4 1.6 43 14.0
Nd (NH4)2HPO4 23 5.6 139
Sm (NH4)2HPO4 4.0 93 26.7
Yb (NH4)2HPO4 1.2 3.9 12.2
Y (NH4)2HPO4 13 3.6 15.0
La H3PO4 26 6.5 16.6
Ce H3PO4 47 11.0 25.7
Pr H3PO4 25 10.6 17.3
Nd H3PO4 21 6.9 153
Sm H3PO4 26 7.3 18.9
Yb H3PO4 3.0 9.0 283
Y H3PO4 5.2 134 216
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Table 6-3 shows conversion of 2-propanol over various neodymium phosphates.
Monazite-type and Rhabdophane-type neodymium orthophosphates prepared from
H3PO4 had higher catalytic activity than other neodymium phosphates. It was
considered that small specific surface area of Monazite-type neodymium orthophos-
phate prepared from (NH4)2HPO4 caused its low activity. Neodymium polyphosphates

and ultraphosphates had low activity on dehydration reaction of 2-propanol.

‘Table 6-3 Conversion of 2-propanol to propylene over
various neodymium phosphates /%

phosphate Temperature /C
200 225 250
M-NdPO4 (NH4)2HPO4* 0.2 10 1.0
H3PO4 94.5 100.0 100.0
R-NdPO4 H3PO4 100.0%* 100.0 100.0
Nd(PO3)3 (NH4)2HPO4 23 5.6 13.9
H3PO4 2.1 6.9 15.3
NdP5014 (NH4)2HPO4 14 4.0 102
H3PO4 0.9 1.6 52

M- and R-NdPO4 represented Monazite-type and Rhabdophane-type
NdPO4, respectively. *; This phosphate was prepared at 1000°C for 20
hours. **; Extreme tailing was observed.

Table 6-4 shows conversion of 2-propanol over cerium phosphates. Relatively
high conversion was obtained in the case of Monazite-type cerium orthophosphate
prepared from H3PO4. Monazite-type cerium orthophosphate (900C 20h, specific

surface area; 0.15m%g?) and cerium ultraphosphate prepared from (NH4)2HPO4
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Table 6-4 Conversion of 2-propanol to propylene over
various cerium phosphates /%

phosphate Temperature / C
200 225 250
M-CePO4 (NH4)2HPO4* 0.7 0.8 17
H3PO4 63 259 478
CeP207 (NH4)2HPO4 38 10.9 28.6
H3PO4 35 9.1 19.7
Ce(PO3)3 (NH4)2HPO4 3.5 8.7 23.2
H3PO4 4.7 11.0 257
Ce(PO3)4 (NH4)2HPO4 2.7 7.5 18.3
H3PO4 19 5.8 204
CeP5014 (NH4)2HPO4 13 3.6 8.6
H3PO4 5.0 10.9 248

M-CePO4 represented Monazite-type CePO4.
*: This phosphate was prepared at 900°C for 20 hours.

indicated low conversion. The kind of phosphates had less influence on catalytic
activity in cerium phosphates than other rare earth (La, Pr, Nd, Sm, Yb, and Y)

phosphates.

6.3.3. Cracking / dehydrogenation reaction of cumene

Figure 6-2 shows conversion of cumene over rare earth polyphosphates prepared
from H3PO4. Cerium polyphosphates had higher conversion than other rare earth
(La, Pr, Nd, Sm, Yb, and Y) polyphosphates. Conversion over cerium polyphosphate
had a maximum value at 450°C, whereas conversion over other rare earth (La, Pr,

Nd, Sm, Yb, and Y) polyphosphates showed monotonous increasing with tempera-
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Fig.6-2. Conversion of cumene over R(PO3)3 prepared from H3PO4,
O;La, [1;Ce,O;Pr, A;Nd, V;Sm, ll; Y, and @Y.

ture rising. Figure 6-3 shows selectivity of cumene to benzene and propylene over
these rare earth polyphosphates. 100% of selectivity means that cumene transformed
to benzene and propylene by cracking reaction. 0% of selectivity means that cumene
transformed to « -metylstylene by dehydrogenation reaction. Selectivity to benzene
and propylene over rare earth polyphosphates generally increased with temperature.
Lanthanum and samarium polyphosphates prepared from H3PO4 gave low selectivity
to benzene and propylene. This indicated these catalysts had poor Bronsted acid
sites. Other polyphosphate prepared from H3PO4 gave high selectivity. There are
rich Bronsted acid sites on these catalysts. Almost all phosphates had maximum
selectivity at about 450 C. Cerium phosphate had a large decrease of selectivity.

Figure 6-4 shows yields of cracking products over various rare earth polyphosphates.
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Fig. 6-3. Selectivity of cumene to benzene and propylene
over R(PO3)3 prepared from H3PO4, O ;La, []; Ce,
O:Pr, A;Nd, V;Sm, l;Yb, and @Y.
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Fig. 6-4. Yields of cracking products over R(PO3)3
prepared from H3PO4, O ;La, []; Ce,
P, A;Nd, V;Sm, B Yb, and @ ;Y.
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This also indicated that cerium polyphosphate had different catalytic behavior with

other rare earth (La, Pr, Nd, Sm, Yb, and Y) polyphosphates.

Figure 6-5 shows conversion of cumene over various neodymium phosphates.
Monazite-type and Rhabdophane-type neodymium orthophosphates prepared from
H3PO4 indicated high conversion of cumene and high selectivity to benzene and
propylene. The retention time was long in the cases of Monazite-type and
Rhabdophane-type neodymium orthophosphates prepared from H3PO4. Large spe-

cific surface areas of these phosphates were considered to lead to a long contact

80

60

40

Conversion /%

20

0
300 350 400 450 500

Temperature / C

Fig. 6-5. Conversion of cumene over neodymium phosphates,
O ; Monazite-type NdPO4 prepared from (NH4)2HPO4,
@ ; Monazite-type NdPO4 prepared from H3PO4,
A ; Rhabdophane-type NdPO4 prepared from H3PO4,
[1; Nd(PO3)3 prepared from (NH4)2HPO4,
B ; Nd(PO3)3 prepared from H3PO4,
<>; NdP5014 prepared from (NH4)2HPO4,
and € ; NdP5014 prepared from H3PO4.
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time by adsorption. A long contact time caused high conversion. At high tempera-
ture, the catalytic activity was not estimated due to tailing in the case of Monazite-
type neodymium orthophosphate.

Monazite-type rare earth (La, Ce, Pr, Nd, and Sm) orthophosphate and Xenotime-
type rare earth (Yb and Y) orthophosphates prepared from (NH4)2HPO4 had low
catalytic activity. Selectivity of cumene to benzene and propylene over Rhabdophane-
type rare earth (La, Pr, Nd, and Sm) orthophosphates became small with temperature
rising. The selectivity over rare earth (La, Pr, Nd, and Sm) ultraphosphates was
much affected by temperature.

Figure 6-6 shows conversion of cumene over various cerium phosphates prepared
from H3PO4. Conversion of cumene over cerium phosphates increased with tem-

perature rising. CeP207 and Ce(PO3)4 gave maximum conversion at 425C.

60

Conversion /%

300 350 400 450 500
Temperature /T

Fig. 6-6. Conversion of cumene over cerium phosphates prepared

from H3PO4, O ; Monazite-type CePO4, Il ; CeP207,
< ; Ce(PO3)3, @ ; Ce(PO3)4, and []; CeP5014.
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Monazite-type CePO4 and Ce(PO3)3 gave maximum conversion at 450C. Above
475°C, the large decrease of conversion was observed except for CeP5014. Figure
6-7 shows selectivity of cumene to benzene and propylene over these cerium
phosphates prepared from H3PO4. The selectivity over CeP207 and Ce(PO3)4 had
the maximum value at 400C. Monazite-type CePO4 and Ce(PO3)3 had maximum
selectivity at 450°C. Monazite-type CePO4 had lower catalytic activity than other
Monazite-type rare earth (La, Pr, Nd, and Sm) orthophosphates. Ce(PO3)3 and
Ce(PO3)4 had high activity. Cerium ultraphosphate indicated same tendency as other
rare earth (La, Pr, Nd, and Sm) phosphates. Figure 6-8 shows yields of cracking
products over cerium phosphates. The yields over Ce(PO3)3 had large decrease with

temperature rising.

100

80 |-

60 |

40

Selectivity /%
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300 350 400 450 500

Temperature /T

Fig. 6-7. Selectivity of cumene to benzene and propylene
over cerium phosphates prepared from H3PO4,
O ; Monazite-type CePO4, ll; CeP207,
< Ce(PO3)3, @ ; Ce(PO3)4, and []; CeP5014.
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Fig. 6-8. Yields of cracking products from cumene
over cerium phosphates prepared form H3PO4,
O ; Monazite-type CePO4, Il ; CeP207,
< ; Ce(PO3)3, @ ; Ce(PO3)4, and [1; CeP5014.

Figures 6-9 and 6-10 show XRD peak patterns of cerium phosphates prepared
from H3PO4 before and after catalytic reaction. The sample in P/Ce=3 before
catalytic reaction is a mixture of Ce(PO3)3 and CeP207. The sample in P/Ce=3
before catalytic reaction is a mixture of Ce(PO3)3 and CeP207. The sample in P/
Ce=10 before and after catalytic reaction indicated the XRD peak pattern of
CeP5014. The peaks of CeP207 and Ce(PO3)4 became small in XRD results of
samples after catalytic reaction. These results indicated that Ce(IV) phosphates were
reduced to Ce( Il ) phosphates by use as a catalyst in cracking / dehydrogenation

reaction of cumene. Cerium phosphates were considered to be reduced by the
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Fig. 6-9. XRD patterns of cerium phosphates prepared from
H3PO4 before catalytic reaction, O ; Monazite-type
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Fig. 6-10. XRD patterns of cerium phosphates prepared from
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following equations.

2CeP207 — CeP04+Ce(PO3)3+1/202

2Ce(PO3)4 — Ce(P0O3)3+CeP5014+1/202
The oxygen produced from these reactions attacked to cumene in oxidative dehydro-
genation. Cerium phosphates were reduced at about 400~425C and cumene was
oxidated to a -methylstylene by oxidative dehydrogenation reaction. All cerium
phosphates were unchanged by heating under air condition below 700C from XRD
analyses. These reactions caused low selectivity of cumene to benzene and propy-
lene. Conversion of cumene over cerium phosphates became small by transformation
from Ce(IV) phosphates to Ce(Ill) salts. It was considered that Ce(IV) phosphates
had higher catalytic activity than Ce( Il ) salts.

The oxidative dehydrogenation reaction of cumene to « -methylstylene was

thought to cause the reduction of cerium phosphate. It was interesting that cerium

phosphate reduced in the presence of cumene at 400 ~ 450C.

6.3.4. Isomerization reaction of butene

Figure 6-11 shows conversion of 1-butene, selectivities to cis-2-butene and frans-
2-butene, and the ratio of cis-/trans-2-butene at several temperatures over Monazite-
and Nd203. Conversion of 1-butene increased with temperature rising, however the
ratio of cis-/trans-2-butene decreased. Because framns-2-butene was more thermody-
namically stable than cis-2-butene, 1-butene was considered to transform to framns-2-
butene selectively at higher temperature. Figure 6-12 shows results of isomerization
reaction of butene over the above Monazite-type NdPO4 on several contact times.
In the case of BPO4, conversion of 1-butene was reported to have little change on
contact time [16]. However, conversion of 1-butene over Monazite-type NdPO4 rised

with contact time increasing. The ratio of cis-/trans-2-butene was less influenced on
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Fig. 6-11. Conversion of 1-butene(@ ), selectivities to cis-2-butene
('¥) and trans-2-butene( A ), and the ratio of
cis-/trans-2-butene( ) at several temperatures over
Monazite-type NdPO4 prepared from H3PO4
(15.8 mgemineml!, 200 torr).
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Fig 6-12. Conversion of 1-butene( @), selectivities to cis-2-butene
('¥) and trans-2-butene( &), and the ratio of
cis-/trans-2-butene( ) over Monazite-type NdPO4
prepared from H3PO4 on several contact time
(200°C, 200 torr).
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contact time. Figure 6-13 shows results of isomerization reaction of butene over the
Monazite-type NdPO4 on several butene-pressures. By an increase of amount of
induced 1-butene molecule, conversion of 1-butene decreased a little. The ratio of

cis-/trans-2-butene had less change by amount of butene molecule.
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Fig. 6-13. Conversion of 1-butene( @), selectivities to cis-2-butene
('¥) and frans-2-butene( A ), and the ratio of
cis-/trans-2-butene( > ) over Monazite-type NdPO4
prepared from H3PO4 on several butene-pressure

(200C, 15.8 mgemineml™).

Table 6-5 shows results of isomerization reaction of butene over Monazite-type
rare earth (La, Ce, Pr, Nd, and Sm) orthophosphates and Xenotime-type rare earth
(Yb and Y) orthophosphates prepared from H3PO4. Monazite-type cerium orthophos-

phate indicated lower conversion of 1-butene than other rare earth (La, Pr, Nd, Sm,
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Table 6-5 Results of isomerization reaction of butene over Monazite-type
rare earth (La, Ce, Pr, Nd, and Sm) orthophosphates and
Xenotime-type rare earth (Yb and Y) orthophosphates
prepared from H3PO4 (300°C, 15.8 mgemineml™, 200 torr)

rare earth Conversion Selectivity cis-/trans-
element /% cis- /% trans- % -

La 66.9 459 541 0.849

Ce 21.5 50.0 50.0 1.000

Pr 59.0 435 56.5 0.771

Nd 62.7 50.0 50.0 1.000
Sm 73.5 415 585 0.709
74.1 40.7 593 0.687

Y 77.8 40.6 59.4 0.685

cis- = cis-2-butene, trans-= trans-2-butene.

Yb, and Y) orthophosphates. Table 6-6 shows results over various neodymium
phosphates. Monazite-type and Rhabdophane-type neodymium orthophosphates pre-
pared from phosphoric acid had high conversion of 1-butene. Neodymium
polyphosphates and ultraphosphates prepared from (NH4)2HPO4 and H3PO4 pro-
duced cis-2-butene selectively. Table 6-7 shows results over various cerium phos-
phates. As mentioned above, cerium orthophosphate had lower conversion than other

rare earth (La, Pr, Nd, Sm, Yb, and Y) phosphates. However, cerium condensed
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Table 6-6 Results of isomerization reaction of butene over various

neodymium phosphates (300C, 15.8 mgemineml™, 200 torr)

phosphate Conversion  Selectivity cis-/trans-
/% cis- /% trans- /% -
M-NdPO4 (NH4)2HPO4* 6.5 46.5 53.6 0.867
H3PO4 62.7 50.0 50.0 1.000
R-NdPO4 H3PO4 62.5 46.5 53.5 0.868
Nd(PO3)3  (NH4)2HPO4 295 58.9 41.1 1.431
H3PO4 8.7 61.9 38.1 1.624
NdPsO14  (NH4)2HPO4 1.6 55.6 44.4 1.250
H3PO4 11.5 69.2 30.8 2.250

M- and R-NdPO4 represented Monazite-type and Rhabdophane-type NdPO4, respec-
tively. cis-= cis-2-butene, frans-= trans-2-butene. *; This phosphate was prepared at
1000C for 20 hours. Other phosphates were prepared at 700°C for 20 hours.

phosphates (CeP207, Ce(PO3)3, Ce(PO3)4, and CeP5014) indicated the similar con-
version of 1-butene and the ratio of cis-/frans-2-butene with other rare earth (La, Pr,
Nd, Sm, Yb, and Y) polyphosphates and ultraphosphates. Cerium condensed phos-
phates (CeP207, Ce(PO3)3, Ce(PO3), and CeP5014) prepared from H3PO4 had the
similar selectivities of 1-butene to cis-2-butene and #rams-2-butene. The kind of
phosphorus resource ((NH4)2HPO4 and H3PO4) gave some influence on catalytic

activities for isomerization reaction of butene.
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Table 6-7 Results of isomerization reaction of butene over various

cerium phosphates (300°C, 15.8 mgemineml™, 200 torr)

phosphate Conversion  Selectivity cis-/trans-
/% cis- /% trans- /% -
M-CePO4 (NH4)2HPO4* 0 - - ;
H3PO4** 215 50.0 50.0 1.000
CeP207 (NH4)2HPO4 218 59.9 40.1 1.493
H3PO4 1.8 58.1 419 1.384
Ce(PO3)3  (NH4)2HPO4 24.0 50.5 49.5 1.021
H3PO4 154 59.0 41.0 1.441
Ce(PO3)4  (NH4)2HPO4 99 62.4 376 1.658
H3PO4 13.4 60.7 393 1.542
CeP5014  (NH4)2HPO4 0 - - -
H3PO4 . 1.1 59.0 41.0 1.441

M-CePO4 represented Monazite-type CePO4. cis- = cis-2-butene, trans- = trans-2-
butene. *; This phosphate was prepared at 900C for 20 hours. **; This phosphate
was prepared at 600°C for 20 hours. Other phosphates were prepared at 700C for
20 hours.

6.4. Conclusion

Various rare earth phosphates (rare earth elements; R=La, Ce, Pr, Nd, Sm, Yb,

and Y, phosphate; Monazite-type, Xenotime-type, Rhabdophane-type, and
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Weinshenkite-type orthophosphates, polyphosphate, and ultraphosphate) were ob-
tained by heating the mixtures of rare earth oxide - (NH4)2HPO4 and rare earth
oxide - H3PO4 in several ratios of phosphorus and rare earth elements. Rare earth
orthophosphates prepared from H3PO4 had larger specific surface area than rare
earth polyphosphates and ultraphosphates. All rare earth phosphates works as acidic
catalysts, not as basic catalysts. Catalytic activities of rare earth phosphates verified
from kind of rare earth elements (La, Ce, Pr, Nd, Sm, Yb, and Y), kind of
phosphates (Monazite-type, Xenotime-type, Rhabdophane-type, and Weinshenkite-
type orthophosphates, polyphosphate, and ultraphosphate), and kind of phosphorus
resources ( (NH4)2HPO4 and H3PO4). Especially, cerium phosphates had characteris-

tic catalytic activities.
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Abstract

Rare earth ultraphosphates, RP5014, were synthesized, and their mechanochemical
effects due to grinding were investigated by using TG-DTA, XRD, FT-IR and SEM.
When the ultraphosphates were ground, their XRD peaks became smaller, their
particles were flocculated to be paste, and their P-O-P bondings were cleaved to
form P-O-H bondings. The P-O-H bondings formed by mechanical treatment were
expected to raise catalytic activities of rare earth ultraphosphates. The ultraphosphates
reformed by grinding enlarged the surface areas, the acid strength, amount of acidic
sites, and catalytic activity on dehydration reaction of 2-propanol and cracking /

dehydrogenation reaction of cumene.

7.1. Introduction

One of the features of rare earth phosphates is to form specific crystal structure
because the ionic radii of rare earth elements are larger than those of other metals.
Ultraphosphates have the network structure which consists of the anions represented
by [P@+2)O@n+5)[*" (n=2, 3, 4, 6). Because these anions contain more P-O-P bondings
than chain and ring phosphates [1], ultraphosphates are generally unstable for
hydrolysis, accordingly there are few stable salts except for rare earth salts.
Consequently, there has been few reports about ultraphosphates.

In Chapter 6, rare earth ultraphosphate indicated low catalytic activities. The
reforming of solid surface gives the powder higher functional properties. There are

some kinds of reforming by coating, topochemical method, mechanical treatment,
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ultraviolet irradiation, etc [2,3].

In this Chapter, the mechanochemical effects of some rare earth ultraphosphates
by grinding were studied, and their mechanical reformings were attempted in order
to use them as a solid acid catalyst. Furthermore, the influence of grinding media,

water and ethanol, was also investigated in the same way with Chapters 1, 3, and 4.

7.2. Experimental

Each of rare earth oxides (La203, CeO2, and Nd203) was mixed with phosphoric
acid in the molar ratio of P/R=10, and then the mixture was heated at 700C for
20 hours [4]. Rare earth (La, Ce, and Nd) ultraphosphates were obtained by washing
the thermal products with water to remove the excess phosphoric acid and dried in
air.

Rare earth ultraphosphates (LaP5014, CeP5014, and NdP5014) were treated with
grinding-mill, and ground samples were taken out at the prescribed time interval for
analyses [5,6]. Samples before and after mechanical treatment were analyzed by X-
Ray diffractometry (XRD), fourier transform infrared spectroscopy (FI-IR),
thermogravimetry - differential thermal analysis (TG-DTA), and scanning electron
micrograph (SEM). Rare earth ultraphosphates were also ground with water or
ethanol in the ratio of liquid (water or ethanol)/ solid (rare earth ultraphosphate)
equal about 5 ml/g, and then analyzed in the same methods. X-ray diffraction
pattemns were recorded on a Rigaku Denki RINT1200M X-Ray diffractometer using
monochromated CuK a 1 radiation. The IR spectra were recorded on a HORIBA
FT-IR spectrometer, FT-710 with a KBr disk method. TG-DTA were measured with

a Rigaku Denki Thermo Plus TG8120. 15 ~ 20mg of sample was placed in a
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platinum pan. Thermal analyses were carried out at 10°C/min. SEM images were
observed using S2500 Hitachi Corp. Ltd. Scanning Electron Micrograph. The
grinding apparatus was an Ishikawa’s grinder equipped with an agate motor.

The ground samples were also estimated for catalytic properties. The surface
areas of samples were calculated from the amount of nitrogen molecules adsorbed
at the temperature of liquid nitrogen by five-points BET method (P/Po=0.10, 0.15,
0.20, 0.25 and 0.30) with a Gemini-Micromeritics 2360 from Shimadzu Corp. Ltd.
[7]. Acidic properties (acidic strength and amount of acidic sites) were examined by
n-butylamine titration using Hammett indicators in benzene [8]. The Hammett
indicators were Methyl red (pKa=+4.8), Dimethyl yellow (pKa=+3.3),
Benzeneazodiphenylamine (pKa=+1.5), and Dicinnamalacetone (pKa=-3.0).

A 0.2 g of a sample was mixed with about 2 mg of glass wool and then packed
in a glass tube with about 10 mg of glass wool at both ends. Beforehand, glass wool
was confirmed to have no activity for dehydration reaction of 2-propanol and
cracking / dehydrogenation reaction of cumene.

The conversion was measured with a gas chromatograph G-3000 from Hitachi
Corp. Ltd. during dehydration reaction of 2-propanol [9]. A column (ID. 3mm and
length 2m) packed with Porapak Q and a thermocoupled detector were used. Helium
was used as a carrier gas (20 cm®/min). Injection volume of 2-propanol was 0.8 7
1. Injected 2-propanol was vaporized and carried to catalyst surface. 2-propanol,
propylene and water were separated in the column and detected.

The conversion was estimated on a gas chromatograph G-3900 from Hitachi
Corp. Ltd. on cracking / dehydrogenation reaction of cumene. A column (ID. 3mm
and length 2m) packed with 15%TCEP on Uniport B (GL Science) and a thermo-
couple detector were used. Helium was used as carrier gas in 20 mL/min flow rate.

Pulse volume of cumene was 0.5 u L. Other conditions were the same as for the
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system for dehydration reaction of 2-propanol.

7.3. Results and discussion

7.3.1. Mechanochemical effects

As shown in Fig. 7-1, X-ray diffraction peaks of neodymium ultraphosphate
became smaller with the increasing of grinding time, and then the sample treated for
7 days was amorphous. Figure 7-2 shows the changes of infrared spectra of NdP5014
due to grinding. IR spectra of treated samples contained two new peaks at about

1640 and 3300 cm™. These peaks were assigned to O-H stretching vibration [10]

based on adsorbed water.

7 days

i i o P
et
N““**~*N~AL*MRMMA.¢$uJb;iEiZi

M

0 day

Intensity

10 20 30 40 50 60
26 /deg.

Fig. 7-1. XRD patterns of NdP5014 treated with
grinding-mill for several days.
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Fig. 7-2. IR spectra of NdP5014 treated with
grinding-mill for several days.

Figure 7-3 shows TG-DTA curves of NdP5014 treated with grinding-mill. Treated
phosphates had an endothermic peak at < 100C in DTA curves. Although the
untreated sample didn't have weight loss in TG curves, the treated samples have the
weight loss caused by adsorbed water. The samples ground for 2 and 3 days have
some endothermic peaks accompanied with the weight loss at 350 ~ 400°C. This
result indicated that the P-O-H bonding produced by grinding was condensed to P-
O-P bonding. In XRD results of heated products, the peaks of neodymium
polyphosphate were observed with those of neodymium ultraphosphate. The endo-
thermic peak by condensation of the sample treated for 1 day wasn't observed,
because it had little P-O-H bonding.

Figure 7-4 shows SEM photographs of neodymium ultraphosphate treated for
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Fig. 7-3. TG-DTA curves of NdP5014 treated with
grinding-mill for several days.

several days. The flocculation of samples occurred by grinding and the size of their
particles became larger. The hydrogen bonding formed by the P-O-H groups served
as a cohesive force.

The mechanochemical effects of LaP5014 and CeP5014 were similar to those of
NdP5014.

It was found from the above results that rare earth ultraphosphates were affected
greatly by mechanical treatment, that is, the grinding destroyed their crystal structure

and triggered the cleavage of P-O-P bonding.
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Fig. 7-4. SEM images of NdP5014 treated with
grinding-mill for several days, (a) 0 day,
(b) 1 day, (c) 2days, and (d) 3 days.

7.3.2. Catalytic properties

The formation of P-O-H bonding is expected to improve the ability of rare earth
ultraphosphate as solid acid catalyst. When rare earth ultraphosphates wel;e ground
for long time, théir particles aggregated and their surface areas became smaller, and
the ground samples became paste. Therefore, the surface areas, acidic properties and

the catalytic activity of the samples treated for short time were investigated.
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Figure 7-5 shows the changes of the surface areas of ground neodymium
ultraphosphates. The surface areas of NdP5014 became larger with increase of
grinding time. The treatment of more long time made the measurement of surface
area difficult because samples flocculated and became paste.

Figure 7-6 shows the changes of the acid strength and amount of acidic sites due
to grinding. The acid strength of untreated material was between +3.3 and +1.5 in
pKa unit, and its amount of acidic sites was very small. In contrast, the acid
strength of sample treated for 6 hours became stronger than-3.0, and the amounts
of acidic sites remarkably increased. The acidic strength and amount of the sample
treated for 12 hours became lower. Figure 7-7 shows the conversion of 2-propanol
to propylene over neodymium ultraphosphates at 200°C, 225C and 250C. Although
at 250°C the ultraphosphate untreated converted 5.2% of 2-propanol into propylene,
the sample treated for 1 hour transformed 80.2% of 2-propanol into propylene. The

sample treated for 6 hours had the best catalytic activities.

—
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1

Specific surfacc area /m2eg:!
o
U
]
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0 2 4 6 8 10 12

Grinding-time /hour
Fig. 7-5. Specific surface area of NdP5014
ground for several hours.
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Fig. 7-6. Acid strength and amount of acidic sites on NdP5014
ground for several hours, @ ; Ho = +4.8,
A Ho<+33 VW ,Ho=<+15, and ¢ ;Ho = -3.0.

100 —

Conversion /%

0 I 2 1 n 1
0 2 4 6 8 10 12

Grinding-time /hour

Fig. 7-7. Conversion of 2-propanol to propylene
over NdP5014 ground for several hours,
@®; 200C, A; 225C, and W; 250TC.
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The catalytic properties of LaP5014 and CeP5014 were examined in the same
method, and obtained similar results. Only CeP5014 treated for 12 hours produced

a little acetone with propylene.

7.3.3. Grinding media

As mentioned in Chapters 1, 3, and 4, water and ethanol improved mechanochemi-
cal effect as grinding media. The influence of grinding media, water and ethanol,
was also investigated on reforming of rare earth ultraphosphate. Little change was
observed in XRD, FT-IR, and TG-DTA results between samples treated with and
without grinding media. Table 7-1 shows specific surface areas of neodymium
ultraphosphates in several conditions. Samples ground with ethanol had large spe-
cific surface area. This result was corresponded with that in Chapter 3 (Table 3-1).
Grinding with ethanol was effective way to obtain large specific surface area both
as pretreatment before thermal synthesis and as reforming of rare earth phosphate.
These effects were considered to be suffered from prevention for flocculation by

ethanol. Figure 7-8 shows acid strength and amount of acidic sites of NdP5014.

Table 7-1 Specific surface area of NdP5014 in several conditions,
(a); non-ground, (b); ground for 6 hours, (c); ground with
water for 6 hours, and (d); ground with ethanol for 6 hours

condition specific surface area /mZeg’!
(a) 0.18
() 1.26
(©) 1.28
) 139
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Fig. 7-8. Acid strength and amount of acidic sites of
NdP5014 in several conditions, (a); non-ground,
(b); ground for 6 hours, (c); ground with water for
6 hours, and (d); ground with ethanol for 6 hours.

Amount of acidic sites became larger by mechanochemical treatment with water.
Figure 7-9 shows the conversion of 2-propanol to propylene over NdP5014. The
difference was little observed between samples milled with and without grinding
media. Figure 7-10 shows conversion of cumene over NdP5014 at several conditions.
Ground sample indicated high conversion, whereas sample ground with water had
low conversion. Figure 7-11 shows selectivity of cumene to benzene and propylene
over NdP5014. All ground samples had higher selectivity than non treated sample.
Figure 7-12 shows yields of cracking products over NdP5014. Ground sample and
sample ground with ethanol had advantage to obtain cracking products. Lanthanum
and cerium salts had each tendency on mechanochemical effects for catalytic

properties.
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Fig. 7-9. Conversion of 2-propanol to propylene over NdP5014
in several conditions, (a); non-ground, (b); ground for
6 hours, (c); ground with water for 6 hours, and
(d); ground with ethanol for 6 hours.
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Fig. 7-10. Conversion of cumene over NdP5014 in several
conditions, @; non-ground, l; ground for 6 hours,
A; ground with water for 6 hours, and ¥, ground
with ethanol for 6 hours.
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Fig. 7-11. Selectivity of cumene to cracking products over NdP5014
in several conditions, @ ; non-ground, M ; ground for
6 hours, A ; ground with water for 6 hours, and
W ground with ethanol for 6 hours.

50

40 |

30 |

Yield /%

20

10

300 350 400 450 500
Temperature /C

Fig. 7-12. Yields of cracking products over NdP5014 in several
conditions, @ ; non-ground, Il ; ground for 6 hours,
A ; ground with water for 6 hours, and ¥ ; ground
with ethanol for 6 hours.
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7.4. Conclusion

By grinding, the intensity of X-ray diffraction lines of ultraphosphate became
smaller and its P-O-P bonding changed to P-O-H bonding. The reforming based on
these mechanochemical effects enlarged the catalytic abilities of rare earth
ultraphosphates. Grinding media (water and ethanol) were effective on mecha-

nochemical reforming of rare earth ultraphosphate.
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Abstract

Basic copper or magnesium carbonate was mixed with phosphoric acid in the
mole ratio of P/M=2 (M; Cu or Mg). Each mixture was transformed to cyclo-
tetraphosphate by heating. A part of the basic copper or magnesium carbonate was
replaced with a rare earfh oxide (La203, CeO2, Pr6011, Nd203, Sm203, Yb203, or
Y203) in this system. These mixtures containing one of the rare earth oxides were
heated, and then the products were analyzed by XRD, FT-IR, and TG-DTA. It was
observed in copper system that the product changed from cyclo-tetraphosphate to
pyrophosphate by the addition of rare earth oxide used in this study. In magnesium
system, magnesium cyclo-tetraphosphate was formed in spite of the addition of rare
earth oxide. Surface properties, specific surface area, acid strength and amount of
acid sites, cétalytic activity for dehydration reaction of 2-propanol and cracking /
dehydrogenation reaction of cumene, were measured to clarify the role of rare earth

element in magnesium cyclo-tetraphosphate.

8.1. Introduction

Phosphates are transformed to other phosphates in hydrolysis and dehydration
reactions at elevated temperatures [1-3]. There are polyphosphate, cyclo-phosphate,
and ultraphosphate in a group of condensed phosphates. Polyphosphate has a chain
structure in which PO4 unit shares two oxygen atoms, cyclo-phosphate has a cyclic

structure, and ultraphosphate has a network structure [4].
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Orthophosphate, polyphosphate, and ultraphosphate of rare earth elements were
formed by heating a mixture of a rare earth oxide and phosphoric acid in P/R ratio
= 1,3, and 10 (R: rare earth element), respectively [1]. However a rare earth cyclo-
phosphate wasn't formed by only heating. It was formed from a sodium cyclo-
phosphate solution and a rare earth nitrate solution [5,6]. This salt was decomposed
to ortho-, pyro-, triphosphate, and so on above 100°C. For this reason, there is few
study about surface properties of rare earth cyclo-phosphates.

Previously, magnesium, manganese, cobalt, nickel, copper, and zinc cyclo-
tetraphosphates were synthesized and investigated on their surface properties and
catalytic activities for the dehydration reaction of 2-propanol [7]. The transformation
of aliphatic primary and secondary alcohols to olefins and /or carbonyl compounds
has been studied over various catalysts [8-12]. The dehydration occurs over acidic
site, whereas the dehydrogenation occurs over basic or reducing sites. It is known
that both dehydration and dehydrogenation occur in a 2-propanol conversion reaction
over metal oxides and so on. 2-propanol is transformed to propylene over acid sites
of materials and to acetone over basic sites [7,13-18]. Therefore, these reactions of
2-propanol are used as a probe to characterize both acidic and basic properties. On
the other hand, cumene cracking/dehydrogenation reaction is used to estimate Lewis
and Bronsted acid sites on metal oxides and so on [18-20]. Benzene and propylene
are the cracking products mainly on Bronsted acid sites, whereas « -methylstyrene
is a dehydrogenation product chiefly over Lewis acid sites.

The addition of rare earth elements gives higher functional properties to the
material {21]. In this work, formation of binary cyclo-tetraphosphate was studied by
replacing of copper or magnesium with rare earth elements in synthesis of cyclo-
tetraphosphates. Furthermore, surface properties of the mixed phosphates were

investigated to clarify the role of rare earth elements.
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8.2. Experimental

8.2.1. Synthesis

A rare earth oxide (La203, CeO2, Pr6011, Nd203, Sm203, Yb203, or Y203) was
mixed with a basic metal carbonate in the mole ratio of M/R = 100/0, 99/1, 97/3,
95/5, and 90/10 (M: Cu or Mg, R: La, Ce, Pr, Nd, Sm, Yb, or Y). Phosphoric acid
was added to these mixtures in the mole ratio of P/(2M+3R)=1. Then the mixtures
were heated at 420C for 1 hour, washed with water, and dried in air [4,8]. The
products were analyzed by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), and thermogravimetry - differential thermal analyses (TG-DTA).
X-ray diffraction patterns were recorded on a Rigaku Denki RINT1200M X-Ray
diffractometer using monochromated CuK « radiation. The IR spectra were re-
corded on a HORIBA FT-IR spectrometer, FT-710, with a KBr disk method. TG-
DTA were performed with a Rigaku Denki Thermo Plus TG8120.

8.2.2. Specific surface area and acidic properties

The surface areas of samples were calculated from the amount of nitrogen
molecules adsorbed at the temperature of liquid nitrogen by five-points BET method
(P/Po=0.10, 0.15, 0.20, 0.25 and 0.30) with a Gemini-Micromeritics 2360 from
Shimadzu Corp. Ltd. Acidic properties (acidic strength and amount of acidic sites)
were examined by n-butylamine titration using Hammett indicators in benzene [22].
The Hammett indicators were Methyl red (pKa=+4.8), Dimethyl yellow (pKa=+3.3),

Benzeneazodiphenylamine (pKa=+1.5), and Dicinnamalacetone (pKa=-3.0).

8.2.3. Dehydration reaction of 2-propanol

A 0.2 g of a sample was mixed with about 2 mg of glass wool and then packed
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in a glass tube with about 10 mg of glass wool at both ends. Beforehand, glass wool
was confirmed to have no activity for dehydration reaction of 2-propanol.

The conversion was measured with a gas chromatograph G-3000 from Hitachi
Corp. Ltd. during dehydration reaction of 2-propanol. A column (ID.3mm and length
2m) packed with Porapak Q and a thermocoupled detector were used. Helium was
used as a carrier gas (20 cm*/min). Injection volume of 2-propanol was 0.8 © L
Injected 2-propanol was vaporized and carried to catalyst surface. 2-propanol,

propylene and water were separated in the column and detected.

8.2.4. Cracking/ dehydrogenation reaction of cumene

The conversion was estimated on a gas chromatograph G-3900 from Hitachi
Corp. Ltd. on cracking / dehydrogenation reaction of cumene. A column (ID. 3mm
and length 2m) packed with 15%TCEP on Uniport B (GL Science) and a thermo-
couple detector were used. Helium was used as carrier gas in 20 mL/min flow rate.
Pulse volume of cumene was 0.5 x L. Other conditions were the same as for the

system for dehydration reaction of 2-propanol.

8.3. Results and discussion

8.3.1. Synthesis

Figure 8-1 shows XRD results of samples in Cu-Sm system. Samples with Cu/
Sm=100/0 and 99/1 indicated the peaks of copper cyclo-tetraphosphate, Cu2P4012,
while a sample with Cu/Sm=90/10 showed a XRD pattern of copper pyrophosphate,
Cu2P207. Samples with Cu/Sm=97/3 and 95/5 were the mixture of copper cyclo-
tetraphosphate and pyrophosphate. With decreasing the Cu/Sm ratio, the peaks of
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Fig. 8-1. XRD patterns of samples of Cu/Sm=100/0, 99/1, 97/3,
95/5, and 90/10, O ; Cu2P4012 and 9 ; Cu2P207.

copper cyclo-tetraphosphate became weaker, and the peaks of copper pyrophosphate
became stronger. The addition of samarium changed the product from copper cyclo-
tetraphosphate to pyrophosphate. The peaks of samarium compound were not
observed in XRD patterns. The structure of copper cyclo-tetraphosphate was col-
lapsed by replacing copper with samarium. On the other hand, the ratio of P/Cu in
copper cyclo-tetraphosphate is 2, and that in copper pyrophosphate is 1. Copper
pyrophosphate was formed in spite of this ratio (P/(2M+3R)=1) for formation of
cyclo-tetraphosphate. The excess phosphoric acid which was caused from the forma-
tion of pyrophosphate was removed by washing with water.

Table 8-1 shows XRD results of mixed phosphates of copper and various rare
earth elements. The peak which was due to any rare earth compound wasn't

observed by XRD analyses. A sample with Cu/Pr=95/5 indicated the peaks of
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Table 8-1 XRD analysis of samples of different Cu/R=(100 — a )/ a

La Ce Pr Nd Sm Yb Y
ionic radius*
/pm 116.0 1143 112.6 110.9 107.9 98.5 101.9
a=0 P4m P4m P4m P4m Pam P4m P4m

P4m P4m P4m P4m P4m P4m P2
3 P4m P4m P4m P4m Pim+P2  P4m+P2 P2
5 P2 P2+P4m P4m P2+P4m P2+P4im  Pam+P2 P2
10 P2 P2+P4m  P4mtP2 P2 P2 Pim+P2 P2

*, coordination number 8, R. D. Shannon, Acta Cryst., A32, 751, (1976). P4m;
Cu2P4012 and P2; Cu2P207.

copper cyclo-tetraphosphate. On the other hand, a sample with Cu/Y=99/1 had the
peaks of copper pyrophosphate. The ability to change the products from cyclo-
tetraphosphate to pyrophosphate depends on the kind of rare earth cations. The
ability of yttrium was stronger than others. Transformation of the products depended
less on ionic radius of rare earth elements.

All mixed salts of magnesium and rare earth element indicated XRD peaks
assigned to magnesium cyclo-tetraphosphate. There was no diffraction peak due to
a rare earth compound. IR spectra of these samples had the doublet at about 770
cm™? which was caused from cyclo-tetraphosphate [23]. The results of TG-DTA
indicated that all samples were stable at temperature from room temperature
to 500C.

The reason that copper system differed from magnesium system is that copper
pyrophosphate is easy to form. Furthermore, the structure of copper cyclo-
tetraphosphate was differed from structures of magnesium, manganese, cobalt,

nickel, copper, and zinc cyclo-tetraphosphates [7].
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8.3.2. Catalytic properties

Magnesium cyclo-tetraphosphate was formed even in the system of Mg/R=90/10.
Surface properties were also investigated to clarify the role of rare earth element in
magnesium cyclo-tetraphosphate.

Figure 8-2 shows specific surface areas of mixed cyclo-tetraphosphates of magne-
sium and lanthanum. All samples had small specific surface areas. Specific surface

areas of the samples weren't much effected by the addition of rare earth elements.

Figure 8-3 shows the acid strengths and the amounts of acidic sites of mixed
cyclo-tetraphosphate of magnesium and lanthanum. The maximum acid strength of
magnesium cyclo-tetraphosphate was between +1.5 and -3.0. As contrasted, those of
samples with Mg/La=95/5 and 90/10 were stronger than -3.0. A sample with Mg/

La=99/1 had small amount of acidic sites. With increasing the content of lanthanum,
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Fig. 8-2. Specific surface areas of mixed cyclo-tetraphosphates
with Mg/La=(100- « )/ a .
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Fig. 8-3. Acid strengths and the amounts of acidic sites of mixed
cyclo-tetraphosphates with Mg/La=(100-a )/ a , @; Ho<+4 8,
A Ho=+33 V;Ho=+15, and ¢;Ho < -3.0.

the samples had large amounts of acidic sites. The addition of other rare earth
element indicated the similar results. Rare earth element in cyclo-tetraphosphate was
thought to improve the amount of acidic sites.

In this experiment, 2-propanol transformed to propylene without dehydrogenation
product, acetone, over all mixed cyclo-tetraphosphates. These mixed cyclo-
tetraphosphates worked as an acidic catalyst not as a basic catalyst. Figure 8-4
shows the conversion of 2-propanol to propylene over mixed cyclo-tetraphosphate of
magnesium and lanthanum at 200°C, 225°C, and 250°C. The conversion of 2-
propanol became large with increasing the « value. It was reported that the
dehydration of 2-propanol to propylene was related to the amounts of acid sites at
pKa = +4.8 [7]. The promoted conversion obtained in this study was explained by
the above relationship.

Figure 8-5 shows the conversion of cumene over mixed cyclo-tetraphosphate of
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Fig. 8-4. Conversion of 2-propanol to propylene over mixed
cyclo-tetraphosphates with Mg/La=(100- a )/ a ,
@®;200C, A;225C, and ¥;250C.

100

80 |

60

40 }

Conversion /%

20

0 [
300 350 400 450 500
Temperature /T

Fig. 8-5. Conversion of cumene over mixed cyclo-tetraphosphates
of magnesium and lanthanum, @ ; Mg/La=100/0,
A 99/1, ¥, 97/3, 4,95/5, and I; 90/10.
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magnesium and lanthanum at several temperatures. Magnesium cyclo-tetraphosphate
had about 23% of cumene conversion at 500C. The conversion of cumene in-
creased with an increase in a value. The increase in amount of acidic sites also
gave influence on the conversion of cumene. Figure 8-6 shows the selectivity of
cumene to benzene and propylene over mixed cyclo-tetraphosphates of magnesium
and lanthanum. At low temperatures, the selectivity of cumene to cracking products

varied widely because of low conversion. Mixed cyclo-tetraphosphate of magnesium
and lanthanum indicated high selectivity of cumene to benzene and propylene at
high temperatures. The selectivity was raised slightly with increasing of the ratio of
lanthanum. The addition of lanthanum into magnesium cyclo-tetraphosphate caused

the increase in Bronsted acid sites.
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Fig. 8-6. Selectivity of cumene to benzene and propylene
over mixed cyclo-tetraphosphates of magnesium
and lanthanum, @ ; Mg/La=100/0, A ; 99/1,
V. 973, @;95/5, and W; 90/10.
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To take results of other rare earth elements into account, the kind of rare earth
elements had a little influence on catalytic activities. The addition of a rare earth
element improved amount of acidic sites on magnesium cyclo-tetraphophate. The
conversions of 2-propanol and cumene were raised by the increasing of acid sites.
Mixed cyclo-tetraphosphate of magnesium and a rare earth element had high activity
as acidic catalyst than rare earth polyphosphate or ultraphosphate. Cyclo-phosphate

was considered to be improved the catalytic activities by rare earth element.

8.4. Conclusion

The experimental results obtained in this Chapter are summarized as follows.
1. The thermal products were changed from cyclo-tetraphosphate to pyrophosphate
by the addition of rare earth element in preparation of copper cyclo-tetraphosphate.
Whereas, magnesium cyclo-tetraphosphate was formed in spite of the addition of
rare earth element.
2. By the addition of rare earth element to magnesium cyclo-tetraphosphate, the
increases of the amounts of acidic sites, the conversion of 2-propanol to propylene,

and the conversion of cumene were observed.
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Summary

Summary

In this work, some factors were discussed on formation of various rare earth
phosphates. Then, thermal behavior of various rare earth phosphates was investi-
gated to support the knowledge of formation of rare earth phosphates. Furthermore,

thermostable rare earth phosphates were estimated for catalytic aspects.

In Chapter 1, mixing conditions of rare earth oxide and diammonium
hydrogenphosphate were picked up on formation of various rare earth phosphates.
The mixture of rare earth oxide and diammonium hydrogenphosphate was homog-
enized and activated by mechanical treatment. Water and ethanol worked as effective
grinding media in mixing process of raw materials on formation of Monazite-type
rare earth orthophosphate. Mechanical treatment and grinding media (water and
ethanol) had the influence on formation of rare earth condensed phosphates in the

manner as Monazite-type rare earth orthophosphate.

In Chapter 2, some rare earth compounds were used with phosphoric acid and
diammonium hydrogenphosphate for formation of various rare earth phosphates.
Rhabdophane-type cerium orthophosphate was not formed in the system using
cerium oxide, however this phosphate was formed in the systems using cerium
nitrate, chloride, and carbonate. The formation temperature and crystallinity of

various rare earth phosphates were affected from raw rare earth compounds.

In Chapter 3, mechanochemical effects were investigated in the mixture of a rare

earth compound (nitrate, chloride, or carbonate) and diammonium hydrogenphosphate.
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Composition of thermal products and formation temperatures of rare earth phos-
phates were affected by mechanochemical treatment. The crystallinity of Rhabdophane-
type rare earth phosphate was affected by mechanochemical treatment. The crystal-
linity of Rhabdophane-type rare earth phosphate was high in samples ground with

water. Samples ground with ethanol had large specific surface areas.

In Chapter 4, urea or biuret was added into the thermal synthetic system of rare
earth phosphate. The mixture of a rare earth compound (oxide, nitrate, chloride, or
carbonate), a phosphorus compound (H3PO4 or (NH4)2HPO4), and an additive (urea
or biuret) was heated and the thermal products were analyzed. Urea and biuret
worked not only as a dispersing agent but also as a reactant. The addition of urea
or biuret was affected on compositions and specific surface areas of thermal

products.

In Chapter 5, thermal behavior of various rare earth phosphates was investigated.
Rare earth polyphosphate and ultraphosphate synthesized in thermal procedure
changed to Monazite-type or Xenotime-type rare earth orthophosphate with
volatillization of P205 by heating. Rare earth polyphosphate and cyclo-octaphosphate
synthesized in solution reaction changed to polyphosphate by way of ortho-, pyro-
, tri-, and oligo-phosphates, and finally transformed to Monazite-type or Xenotime-

type rare earth orthophosphate.

In Chapter 6, catalytic characterization was studied as one of properties of various
thermostable rare earth phosphates. Various rare earth phosphates were determined
by use as catalyst on dehydration reaction of 2-propanol, cracking / dehydrogenation

reaction of cumene, and isomerization reaction of butene. These results indicated
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specificity of cerium phosphate with other rare earth phosphates. Catalytic properties
verified from kind of rare earth elements and kinds of phosphates (ortho-, poly-, and

ultra-phosphate.

Rare earth poly- and ultra-phosphates indicated low catalytic activity in Chapter
6. Therefore, in Chapter 7, the reforming of surface by mechanochemical treatment
was tried for rare earth ultraphosphate. Rare earth ultraphosphate was treated
mechanically, and then investigated on catalytic properties. By grinding, the intensity
of X-ray diffraction lines of rare earth ultraphosphate became smaller and its P-O-
P bonding changed to P-O-H bonding. The reforming based on these mecha-
nochemical effects enlarged the catalytic abilities of rare earth ultraphosphates.
Grinding media (water and ethanol) were effective on mechanochemical reforming of

rare earth ultraphosphate.

Rare earth cyclo-phosphate was clarified to decompose easily by heating in
Chapter 5. Therefore, catalytic activity of rare earth cyclo-phosphate was not inves-
tigated in Chapter 6. In Chapter 8, formation and catalytic properties of cyclo-
phosphate containing rare earth element were studied. The thermal products were
changed from cyclo-tetraphosphate to pyrophosphate by the addition of rare earth
element in preparation of copper cyclo-tetraphosphate. Whereas, magnesium cyclo-
tetraphosphate was formed in spite of the addition of rare earth element. By the
addition of rare earth element to magnesium cyclo-tetraphosphate, the increases of
the amounts of acidic sites, the conversion of 2-propanol to propylene, and the

conversion of cumene were observed.
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