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The work of this thesis has been carried out under the guidance of Professor Dr. Gin-ya
Adachi at Department of Applied Chemistry, Faculty of Engineering, Osaka University.

The object of this thesis is to present and develop a new simple dry process for rare earth
separation and recycling using a chemical vapor transport reaction mediated by rare earth
chloride vapor complexes with aluminium or alkali metal chlorides.

The author wishes that the knowledge obtained in this work provide useful suggestion and
information for further development and establishment of the all-dry technique for rare earth
separation and that the process stimulates still more utilization of rare earth-based materials in

the 21 century.
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General Introduction

In recent years, various kinds of new materials, in which rare earth elements play a key role,
have been increasingly developed in the corresponding research fields. Some intermetallic com-
pounds, such as SmCos, Sm>Co17, NdoFe14B, and SmyFe;7N,, have been well investigated for
high performance permanent magnet materials, some of which have been already produced indus-
trially for uses in portable motors and so on. Hydrogen storage alloys of RNis (R =rare earths) type
have come into use as cathode materials for a nickel-metal hydride secondary battery as a substitute
for Ni-Cd battery, since cadmium is harmful to the environment. Phosphors for lamps or color
displays are also important materials which contains rare earth elements as activator and matrix.
Naturally enough, this development of the application of rare earth elements has led to an increase
in their demand.

Since the first separation of rare earth elements in 19th century using a fractional crystalliza-
tion or precipitation method, various wet precesses have been developed and widely employed for
their mutual separation. At present, purified rare earths for commercial use are produced almost
exclusively by means of a solvent extraction and ion-exchange chromatography, and the methods
have been well investigated and established. However, these are also wet processes which always
require a series of complicated treatments. First of all, raw materials containing rare earths have to
be decomposed and dissolved. And after separation process, still more steps are necessary to
obtain rare earth oxides: concentration of solution, precipitation and filtering off the rare earth
components, drying and calcination of the precipitate. Furthermore, halogenation of the oxides is
necessary to produce rare earth metals by means of metallothermic or electrolytic reduction. Since
these complicated precesses result in high production costs of rare earths, new techniques other
than the wet precesses have to be developed in order to lower the cost.

Meanwhile, a number of metal halides form halogen-bridged vapor complexes with other
volatile metal halides called complex formers [1-7]. Typical halides which are known as the
complex formers are aluminium, iron, and alkali-metal (A) halides. Vapor complexes of rare earth
halides (RX3) with these complex formers have also been investigated for many systems; the for-

mation schemes are expressed as
RXs(s, D) + n/2 AClg(g) = RALX3.3,(8) (n=1-4), (D

and



RX3(s, 1) + AX(s, 1) = ARXuy(g). 2)

In general, the volatility of metal halides is appreciably enhanced by this reversible formation of
the vapor complexes. For example, the volatility enhancements, namely the factors of increase in
the volatility due to the complexation in the presence of 1 atm of complex former Al,Clg(g), have
been calculated as 10'3 for NdCl; and 10! for HoCl; at 600 K [4b]. Therefore, rare earth vapor
complexes have been studied in terms of various application possibilities directed toward lumines-
cent and laser materials. Some vapor complexes composed of rare earth and alkali metal iodides
have already been applied to high performance metal halide lamps [1].

It is noteworthy that the vapor complexation with some complex formers renders it possible
to transport chemically the nonvolatile rare earth chloride. Vapor complexes of the RCl3-AlCl3
systems have been tried as carrier species for chemical transport reactions to prepare anhydrous
chlorides on a laboratory scale [8, 9]. The transport phenomenon mediated by the RCI3-AlCl;
complex has also been applied to some separation techniques. One of them is a gas-solid chro-
matograph, which Zvarova and Zvara applied to the mutual separation of mixed rare earth ra-
diotracers [10].

Particularly, Adachi et al are also recently reported briefly that the mutual separation of some
rare earth pairs can be conducted by a chemical vapor transport through a reactor with a tempera-
ture gradient [11]. Since the separation precess using chemical vapor transport phenomenon is
based on difference in the temperature dependence of formation-decomposition equilibrium of
each vapor complex, it is all-dry precess free from the above-mentioned complicated treatments

characteristics of the wet precesses.

The present work deals with development of the rare earths separation process using the
chemical vapor transport (CVT) phenomenon mediated by vapor complexes.

Chapters 1 and 2 describe the rare earth separation experiments using the CVT process
mediated by vapor complexes of the RCI3-AlCl3 and RClz3-ACl systems (A = alkali metals), respec-
tively. Here, quasi-binary (PrCls-ErCls, PrCl3-SmCls, and PrCl3-NdCls) or quasi-ternary (PrCls-
GdCl3-ErCls) rare earth chloride model mixtures were used as raw materials, and the resulting
separation efficiency is discussed in terms of the transport condition and mechanism.

In Chapter 2, the separation of mixed praseodymium and neodymium oxides was also stud-
ied by means of the CVT process. In order to use rare earth oxide directly as raw material for the

CVT reaction, some potassium salts were adopted as a precursor of potassium chloride. The results



were discussed in terms of the reaction condition and, further, a simulation of the transport phe-
nomena was carried out by a calculation based on known thermodynamic data.

Chapter 3 deals with the CVT reactions using rare earth crude oxides and concentrates as
raw materials as the ultimate case. In order to chlorinate, monazite, one of the rare earth concen-
trates, carbon tetrachloride was tried in addition to chlorine gas, and the chlorination kinetics are
argued.

As well as the rare earth separation process from their ores and concentrates, recycling from
industrial wastes is also an important process for the supply of rare earths. Chapter 4 describes the
recovery process of rare earths from scraps of some rare earth-based intermetallic materials SmyCo17,
Nd;Fe 4B, and LaNis by means of the CVT technique using AICl; as the complex former. In
addition, the recovery of some rare metals other than rare earths form a fly-ash of bitumen-in-water
emulsion is also proposed.

In the work described in Chapters 5 and 6, some fundamental properties of the vapor com-
plexes themselves and related molten mixtures were investigated. Chapter 5 describes the mea-
surement of vapor pressures of the gaseous species over the NdCl3-KCl equimolar melt at high
temperatures by means of Knudsen-effusion mass spectrometry. Qualitative observation of the
vapor over the ErCl3-KCl quasi-binary and NdCl3-ErClz3-KCl quasi-ternary melts was also carried
out using the method. Chapter 6 gives the result of Raman spectroscopic investigation of the
structure of the NdCl3-AlCls and GdClsz-AlCl3 liquids (melts) and glasses. The structures of
RAI3Cly5(g) vapor complexes are, further, discussed in terms of a similarity in coordination num-

ber of R3* ion.
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Chapter 1

Mutual Separation of Mixed Rare Earth Chlorides
Using Chemical Vapor Transport Mediated by Vapor Complexes
of the RCl3-AlICl3 (R =rare earths) System

1.1. Introduction

It is well known that a number of metal chlorides form halogen-bridged vapor complexes
with other volatile metal chlorides (complex formers) [1a, 2-7]. The most typical complex former
is aluminium chloride, and vapor complexes of the RCl3-AlCl3 system have also been investigated.
Vapor complexes of four different compositions, i.e. RAIClg, RAl,Clg, RAI3Cly2, and RA14Clys,
were known to form in the RCl3-AlCl3 system, and abundance of each complex depends on the
temperature and the vapor pressure of aluminium chloride vapor, Al,Clg [12].

Since the first observation of RAl,,Clz,3, vapor complex in the NdCl3-AlCl3 system by Gruen
and @ye in 1967 [13], the vapor complexes have been studied in terms of various application
possibilities (see General Introduction). Among them, Zvarova and Zvara applied the complexes
to the mutual separation of mixed rare earth chlorides by means of a gas-solid chromatographic
method [10]. However, the method deals only with amounts at the radiotracer level and, therefore,
is not suitable for large-scale production of separated rare earths. On the contrary, Adachi et al
have recently reported briefly that the mutual separation of a rare earth pair can be successfully
conducted by a chemical vapor transport (CVT) process along a well-controlled temperature gradi-
ent using AlCl3 as a vapor complex former [11]. The CVT technique is based on the difference in
the temperature dependencies of the formation-decomposition equilibria for the vapor complex
RAI,Cls,3, and is fit for separation of rare earths on a large industrial scale, unlike the gas-solid
chromatography.

In the work described in this chapter the mutual separation characteristics were studied for
mixtures of rare earth chlorides in the PrCl3-ErClz, PrCl3-SmCl3, and PrCl3-NdClsz quasi-binary
systems and the PrCl3-GdCls3-ErCls quasi-ternary system by the CVT process using aluminium
chloride as the complex former. The resulting separation efficiency is discussed in terms of the

transport conditions and mechanism.



1.2. Experimental Details

1.2.1. Materials

Hydrous rare earth chlorides were prepared by dissolving the corresponding oxides (purity,
99.9%) in a small excess of hydrochloric acid. The hydrous chlorides produced were further puri-
fied by repeating the recrystallization from a solution of deionized water. The hydration numbers
of the hydrous salts were estimated by chelate titration with a standard solution of
ethylenediaminetetraacetic acid (EDTA) to the yellow end point of a xylenol orange indicator at a
pH value of 5.1-5.3 using hexamethylenetetramine (98.0%) as buffer.

Anhydrous rare earth chlorides were prepared by reaction of the corresponding oxides with a
large excess of ammonium chloride (99.0%). The oxide and the NH4Cl were mixed in an agate
mortar for 30 min. The mixture was loaded in a mullite boat, introduced into an electric furnace
and allowed to react for 2 or 3 h up to 250-350 °C in a stream of N3 gas dried by passage through
a P,Os column. Finally, the residual NH4Cl was removed by sublimation at 400 °C.

The aluminium chloride (98%) used as complex former and the active carbon powder were

reagent grade and used without any further purification.

1.2.2. Apparatus

Figure 1.1 shows the apparatus employed for the CVT reaction. The apparatus comprises
two tubular electric furnaces, A (length, 180 mm) and B (length, 500 mm). These furnaces are
made from a kanthal-wound mullite tube (inner diameter, 35 mm) and ceramic wool. Furnace A
was used to generate the gas phase Al,Clg. The heating element in furnace B was divided into
several separate heating zones, with every zone controlled independently by a thermoregulator so
as to produce various temperature gradients along the quartz tube reactor (inner diameter, 25 mm;
length, ca 100 cm). On setting the temperature gradient, the temperature of every zone was roughly
set first on the thermoregulators and, then, the real temperatures along the central axis of the tube
reactor were measured with a thermocouple inserted from the right-hand end in order to adjust the
gradient precisely to the desired temperature. In order to avoid reaction of the Al,Clg vapor with

the fused silica tube [26] via
2 AlLLClg(g) + 3 SiOz(s) = 2 Al,03(s) + 3 SiCly(g), (1.1

12 or 13 pieces of alumina tubing (outer diameter, 21 mm; inner diameter, 16 mm,; length, 30 mm)

were put side by side along the inner wall of the reactor. The sample transported by the vapor



complex along the temperature gradient was collected by recovering these alumina tubes.

1.2.3. Procedure
Supply of Aluminium Chloride. For the generation of gaseous Al,Clg, two types of method

(a)

- @Gas
flowmeter

Gas
flowmeter

N5 cylinder

7 Cly cylinder

/ —

Furnace A Furnace B

e
Exhaust
- N Trap

Gas washing bottles
NaOH/NaHCOg4

L

(b)

Furnace A Furnace B

fé):D:’ ( ICl,— afals)ef7]s]o]0)11] 13) E@:)]D
Carrier gas / \\ // /
Raw material |nner tubes Reactor

112

Figure 1.1. (a) Apparatus for chemical vapor transport reaction and (b) assembly of electric
furnaces. Unit for generation of carbon tetrachloride vapor was employed only for studies in
Sections 3.2.2 and 3.3.2. Furnace A was operated when complex former AlCI3 was used.
Numbers in furnace B denote fraction number (FN) of separation.
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Figure 1.2. Change in total generated AlCi3 vapor with procedure | (see text).

were used. In one method (procedure I), 8.0 1072 mol of solid AICl; was sealed in a glass ampule
(inner diameter, 14 mm; length, ca 10 cm) with a small hole of diameter about 0.3 mm so as to
control the evaporation rate of AlCl;. The ampule of AICl; was then introduced into the middle of
furnace A. The charged amount of AICl3 was not more than 8.0 X 1072 mol (ca 10 g) in order to
avoid clogging of the reactor tube with AICl3 deposits, which accumulated at the outlet of furnace
B through the operation of the CVT reaction (mentioned below). The operation time of furnace A,
i.e. the reaction time for CVT, was generally 6 h unless noted otherwise. In the course of the CVT
reaction, furnace A was heated over the temperature range from 80 to 200 °C at a rate of 20 °C h™!,
because sublimation of AlCl3 had been observed over this range on heating the ampule.

Figure 1.2 shows the total amount of AlCl3 evaporated during the course of the CVT reaction
when procedure I was employed. The rate of AICl3 supply to the CVT reaction varied greatly.
Therefore, when necessary, another method (procedure II) of AlCl3 supply was employed in order
to keep the evaporation rate constant. In this method the AICI3 material for the CVT reaction was
divided into several portions in advance and introduced into furnace A from the left-hand end of

the reactor tube at regular time intervals.

Chemical Vapor Transport. A raw mixture of rare earth chlorides RCl3 and active carbon
was weighed and put in an alumina boat (approximate length, 90 mm). The boat was placed in an

alumina tube (outer diameter, 21 mm; inner diameter, 16 mm; length, 140 mm) and set at the upper

10



end of the temperature gradient in furnace B. The CVT reaction was performed in a stream of

! respectively. The raw mixture was

mixed Nj and Cl, gases with flow rates of 40 and 6 cm® min~
then heated to 1000 °C; further, furnace A was operated to generate gaseous AlyClg according to
the procedures described above. The rare earth chlorides were converted to the vapor complexes

RAI,Cl343, (n = 1-4) via reaction with Al,Clg(g) as
RCls(s, 1) + n/2 AlyClg(g) = RAL,Cl3134(g). (1.2)

These were driven with the carrier gas along the temperature gradient, decomposed according to
the reverse process of eq. 1.2 and regenerated RCl3 at a different position of the temperature gradi-
ent owing to the difference in their formation-decomposition equilibria.

The resulting deposits were collected by removing the alumina tubes. They were then dis-
solved individually in deionized water and the composition of rare earths was determined for each
portion (fraction number) on a double-beam absorption spectrophotometer (Shimadzu UV-180),
an X-ray fluorescent spectrometer (Rigaku System 3270A), and an inductively coupled argon plasma
emission spectrophotometer (Nippon Jarrel-Ash ICAP-575 Mark-II). In the case of absorption
spectroscopy the concentration of each rare earth element was determined from the peak intensity
of the characteristic band: Pr’*, 444.2 nm; Nd**, 794.0 nm; Sm, 401.5 nm; Er’*, 379.6 nm. For

the X-ray fluorescence analysis ZnCl; was used as internal standard.
1.3. Results and Discussion

1.3.1. Necessity for Active Carbon

The gaseous complexation is known to take place only between anhydrous rare earth chlo-
rides and the complex former, because, on heating, hydrous rare earth chlorides are generally self-
hydrolyzed and give oxychlorides (ROCI) or oxides (R,0O3) which are inert against the complex-
ation with aluminium chloride. However, the anhydrous chlorides are very hygroscopic and thus
are too difficult to handle under atmospheric conditions. Therefore hydrous rare earth chlorides
were also tried as raw material.

It turned out that when ErCls;-nH,O (2.0 x 1073 mol) was used as raw material, about 75
mol% of initially loaded ErCl; was evaporated and chemically transported. This is because the
resulting oxychlorides or oxides are re-chlorinated by the gaseous AlxClg acting as a chlorinating

agent [8, 9, 12a]. These reactions are expressed as

2 R203(s) + 3 AlLClg(g) — 4 RCI3(s) + 6 AIOCI(s) (1.3)

11



and
R>03(s) + AlxClg(g) — 2 RCI3(s) + Al,Os(s). (1.4)

It seemed, however, that the raw mixture of rare earth chlorides on the boat was covered with the
inert AIOCl or Al;Oj3 layer generated by these reactions, whereby the reaction between RCl3 and
AlCl3 is inhibited. Actually, after the CVT reaction of ErCl3-nH;0O a white residue insoluble in
hydrochloric acid remained on the boat. In order to avoid the formation of AIOCI and Al,O3,
active carbon powder was mixed with the RCl3-nH,O.

Figure 1.3 gives a plot of the total amount of transported ErCl3 vs the atomic ratio (C/Er) of
the raw material. The CVT reaction of ErCl; was promoted by an increase in the carbon content.
However, the amount of transported ErCl; reached about 1.8 X 1072 mol at C/Er = 2/1 and remained
constant at molar ratios above 2/1. Although unreacted carbon remained in the boat after the CVT
reaction, even at C/Er = 3/1 a large enough amount of rare earth chlorides for an effective mutual
separation seems to have been transported. Thus a molar quantity of carbon twice as high as that of
RCl3 was mixed with the hydrous chlorides when hydrous RCl3 were used as the raw material for

further investigation of the mutual separation characteristics.

©
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Figure 1.3. Effect of mole ratio (C/Er) on total amount of transported ErCls. Raw material
was ErClz-nH>0 (2.0 x 1073 mol); complex former was AICI3 (8.0 x 1073 mol); mixed Nz and Cl»
gases (Nz, 40 cm® min~"; Clp, 6 cm® min~') was flowed as carrier; reaction time was 6 h
(procedure 1).
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Figure 1.4. Variation in total transported amount for series of 14 lanthanoid elements. Raw
material was RCl3 (2.0 x 1072 mol); complex former was AICl3 (2.7 x 1073 mol); mixed N> and
Cl, gases (N2, 40 cm® min~'; Cl,, 6 cm® min™") was flowed as carrier; reaction time was 1 h
{(procedure ).

1.3.2. Chemical Vapor Transport of Pure RCl3

A series of pure anhydrous RCl3 (2.0 x 107> mol) samples were used as raw materials. The
reaction time was 1 h for all runs and procedure II was employed for the gaseous Al,Cle supplied at
constant rate. The total amount of transported RCl3 increases with the increase in atomic number
of the rare earth element (Fig. 1.4) and therefore the chlorides of heavier rare earths more easily
form the corresponding vapor complexes and are more readily transported. This feature certainly
suggests the possibility of mutual separation of rare earths using the fractional CVT reaction based
on the difference in stability of the vapor complexes of the RCI3-AlICl;3 systems.

However, the amount of transported EuCl; was exceptionally small (see Fig. 1.4), since the
divalent chloride (EuCly) is more stable than the trivalent one (EuCls) at around 1000 °C [15], the
complexation temperature employed in the present work. Hence, complexation between EuCl;
and AICl; hardly takes place.

Sgrlie and Bye [16] have determined that the enthalpy of the reaction,

EuCly(s) + 3/2 Al,Clg(g) = EuAl3Clyi(g), (1.5)
is 70 kJ mol™! (640-825 K). The enthalpy changes for the reactions,

RCls(s) + 3/2 AlxClg(g) = RAIzCly2(g), (1.6)

13



are generally less positive: NdAI3Clyp,45.2+ 1 kJ mol™ (500-900 K) [14]; SmAIZCly, 28.1+1kJ
mol~! (600-800 K) [8]; GAAI5Cl;2, 30.7 £4 kJ mol™! [12b]; HoAI3Cl;5, 11 kJ mol™! (500-800 K)
[17); TmAI3Clya, 27.7 4 kJ mol ™! [12b]; YDALCl;, 27.6 +4 kJ mol™! [12a].

1.3.3. Chemical Vapor Transport of Quasi-Binary RCl; Mixtures

The PrCl3-ErCl; System.  An equimolar mixture of hydrous PrCl3 and ErCl; (total 2.0 X
103 mol), i.e. a mixture of lighter and heavier rare earth chlorides, was used for the CVT reaction.
In this CVT reaction gaseous AlyClg was provided according to procedure 1. Figure 1.5 shows the
deposition profiles for the transported chlorides vs the fraction number (FN), together with the
temperature gradients. Two types of temperature gradients were adopted: one was large (24 °C
cm™') and almost linear and the other was smaller (13 °C cm™), mainly in the higher temperature
region. With regard to PrCl; and ErCls, the difference observed between their deposition profiles
was more or less independent of the temperature gradient: the peak position for ErCl; was shifted

to the lower temperature side compared with that for PrCls. This indicates that the vapor com-
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Figure 1.5. Temperature gradient and distribution profile of RCla: (a) linear gradient (24 °C
cm™); (b) smaller gradient (13 °C cm™'). Raw material was an equimolar mixture of PrClz-nHz0
and ErCls-nH20 (2.0 x 1073 mol); active carbon (C/R = 2/1) was mixed; complex former was
AICl3 (8.0 x 1073 mol); mixed N2 and Cl» gases (N2, 40 cm® min~'; Cl,, 6 cm® min™) was
flowed as carrier; reaction time was 6 h (procedure ).
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Figure 1.6. Distribution of PrCls and ErCls deposits under smaller temperature gradient.
Raw material was PrClz-nH20 or ErCls-nH20 (each 2.0 x 1073 mol); other reaction conditions
were as in Fig. 1.5 (procedure |).

plexes in the PrCl3-AlCl3 system are less stable than those in the ErClz-AlCl3 system, which is in
agreement with the variation in the amounts of transported pure chlorides described above (Fig.
1.4). However, when the gradient with the smaller slope was used, both peak positions of the
deposition profiles of PrCl3 and ErCl3 were much more separated from each other and therefore the
resulting separation efficiency between the rare earths was improved. Separation factors between
PrCl; and ErCls, defined as the value of the atomic ratio (Pr/Er) of the deposit divided by that of the
raw mixture, were calculated for the fraction where PrCl; was most concentrated. The value in-
creased from 3.25 (FN=1 in Fig. 1.5(a)) to 10.8 (FN =3 in Fig. 1.5(b)). Furthermore, under the
gentler temperature gradient PrCl3 was selectively deposited at FN =2 and purified up to 100%.
These results mean that the deposition rate of ErCls, i.e. the decomposition rate of the vapor com-
plex ErAl,Cls,3,, is relatively depressed under the smaller temperature gradient. It is expected that
precise control of the temperature gradient may realize good mutual separation and purification of
rare earths using CVT phenomena.

Figure 1.6 shows the deposition profiles for the chlorides under the same CVT reaction
condition with the smaller slope as in Fig. 1.5(b), where pure PrCl; (2.0 x 1073 mol) or ErCls (2.0 x
10~ mol) was loaded as the raw material and the profiles were obtained from each run. They
peaked at a common position (FN = 3), although the mixture of PrCl; and ErCl3 gave independent
peaks at FN =3 and FN =5 respectively (see Fig. 1.5(b)). This difference is explained as follows.

When the pure chloride was loaded, the amount of ErAl,Clz,3, complex (wgr-a1-c1) formed on the
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Table 1.1. Comparison of total amounts and deposition maxima
of transported chlorides

Raw material 2 Temperature Amount of RCl3 deposit d
gradient© (10~4 mol)
PI'C|3 El’CIs
PrCl3-ErClz P Linear 3.0 (1) 4.7 (2)
PrCl;-ErClg P Smaller Slope 3.0 (3) 3.8 (5)
PrClg Smaller Slope 3.7 (3) —
ErClg Smaller Slope — 12.7 (3)

aThe loaded amount of RCl for all runs was 2.0x 103 mol.
b Equimolar mixture of PrClz and ErCls.

€ See text.
d Fraction number of deposition maximum is designated in
parentheses.
(a) (b)

ErALCl,s,

S
P

WEr—AI-Cl

Amounts of formed complex
Amounts of formed complex

- Temperature Temperature

Figure 1.7. Schematic representation of relation between temperature and amounts of formed
vapor complexes. Raw materials are (a) pure RCls (R = Pr, Er) and (b) their equimolar mix-
ture.

surface of the raw mixture in the boat was greater than that of PrAl,Cls,3, (Wpralc1 ), since the
former complex was more volatile (see Fig. 1.4) and readily formed.

Therefore the temperatures (7o) at which the equilibria,
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PrCls(s, 1) + n/2 Al;Clg(g) = PrAl,Cls,an(g) (1.7)
and
ErCls(s, 1) + n/2 Alb,Clg(g) = ErAl,Cls,3,(g), (1.8)

are attained and the chlorides begin to deposit are almost equal (see Fig. 1.7(a)). In contrast, an
equimolar mixture of PrCl; and ErCl; provides almost equal amounts (wgr.al.c1) of PrAl,Cls,3, and
ErAl,Cls,3, complexes, because the complexation reactions (eqs. 1.7 and 1.8) take place only on
the surface of the raw mixture and thus the chances of complexation are nearly equal. This is
reflected in the total amounts of transported chloride, which were not very different from each
other, as shown in Table 1.1. Therefore the temperature for attaining the equilibrium of eq. 1.8 is
lowered from T to T under the temperature gradient and the deposition peak maximum of ErCl; is
shifted to the lower temperature side (see Fig. 1.7(b)). This is supported by the fact that the depo-
sition profile of PrCl; in Fig. 1.5(b) is similar to that in Fig. 1.6 and, furthermore, that the profile of
ErCl; in Fig. 1.5(b) is also similar to that in Fig. 1.6 at the lower temperature region (FN = 6-13).

The free Al,Clg(g) species reproduced by the reverse processes of egs. 1.7 and 1.8 and unreacted
Al,Cl¢ were passed through both higher and lower temperature zones of furnace B and finally
condensed at FN =12 and 13 because of the relatively low sublimation temperature of AlCl3 (be-
low 200 °C). In other words, since both RCl3 and AICl; were obtained in pure forms in different

deposition regions, AlCl3 can be recovered and recycled for further CVT processing.

The PrCl3-SmCl3; System — Multiple CVT Reactions.  The deposition profiles for an
equimolar mixture (2.0 X 1073 mol) of PrCl;z and SmCl3 are shown in Fig. 1.8. The transport
conditions in this system were the same as those used in the PrCl3-ErCl; system with the smaller
temperature gradient. The deposition profile of PrCl; was maximized at FN =3 while that of
SmCls appeared at FN = 4, so that the separation efficiency was decreased compared with that
obtained in the PrCl3-ErCl3 system. This is because the difference in atomic number between Pr
and Sm is smaller than that between Pr and Er. Hence the chemical properties, e.g. formation
equilibria, of Pr- and Sm-containing vapor complexes are not very different from each other. Con-
sequently, the mutual separation from such a system is not thoroughly achieved by only one CVT
operation.

In order to separate mutually and purify these neighboring element pairs in the periodic table,

it is necessary to repeat the CVT reaction several times, similarly to the solvent extraction process
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Figure 1.8. Distribution of PrCl; and SmCls deposits under smaller temperature gradient.
Raw material was an equimolar mixture of PrClz-nH>0 and SmClz-nH20 (2.0 x 10~ mol);
other reaction conditions were as in Fig. 1.5 (procedure I).
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Figure 1.9. Variation in molar fraction of PrClz per RCl3 contents for multiple chemical vapor
transport reactions in PrClz-SmCls system.

which requires a number of mixer-settler stepwise operations. Multiple CVT reactions were ap-
plied to the mixture in the PrCl3-SmCl;3 binary system. For an equimolar mixture of PrCl; and
SmCl; the molar fraction of PrCl3 (xp;) had a maximum of 73.6 mol% in the second portion (FN =
2), as shown in Fig. 1.8. Therefore a mixture (total 72.0 % 10~ mol) close to this composition (xp, =

70 mol%) was chosen as the raw material for the second CVT reaction. In this second CVT reac-
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tion PrCl; became more concentrated, up to 83.5 mol% at FN =2. The composition of the raw
mixture used for the third reaction was chosen accordingly as xp; = 84 mol%. Analogously, mix-
tures (2.0 X 1072 mol) of xp; = 90 and 95 mol% were used for the fourth and fifth CVT reactions
respectively.

Figure 1.9 shows the relationship between the number of CVT reactions and the molar frac-
tion (xp,) of the portion where PrCl; was most concentrated. As a result, one can mutually separate
even rare earth pairs with neighboring atomic numbers by means of multiple CVT reactions.

A separation factor between PrCl; and SmCl3 was calculated for five runs of the multiple
reactions in the same manner as described above. The average value was 2.29. On the assumption
that the value (2.29) is unchanged under the same transport conditions, PrCls with a purity of 99.9

mol% can be obtained after the ninth CVT reaction.

The PrCI3-NdCl; System. By using AlCl; as the complex former, the mutual separation of
neighboring element pairs such as the PrCl3-NdCl; system was also possible if the CVT reaction
was repeated. However, the CVT reactions using alkali metal chlorides as complex formers was

more appropriate for this separation (see Chapter 2).

1.3.4. Chemical Vapor Transport of Quasi-Ternary RCl3 Mixture

Mutual separation characteristics of a rare earth quasi-ternary system were examined using
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Figure 1.10. Distribution of PrCls, GdCls, and ErCl3 deposits under smaller temperature gra-
dient. Raw material was an equimolar mixture of PrCls-nH,0O, GdCl3-nH20, and ErClz-nH»0
(3.0 x 1073 mol); complex former was AICI3 (11.8 x 1072 mol); active carbon and carrier gas
were as in Fig. 1.5; reaction time was 12 h (procedure II).
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3.0x 107> mol of a PrCl3-GdCl3-ErCl3 equimolar mixture. Procedure II was employed to generate
the gaseous Al,Clg and 4.9 X 107 mol of AIlCl3; was introduced into furnace A at intervals of 30 min
for 12 h. The deposition profiles of the individual transported chlorides are shown in Fig. 1.10.
Their deposition peak maxima are well separated, hence good mutual separation characteristics
were observed. The deposition peaks observed on going from the higher to the lower temperature
side are in accordance with the increasing atomic numbers of the elements. This agrees with the
deposition peak positions observed for binary systems: the amount of the deposit of the lighter rare
earth chlorides is greater than that of the heavier ones in the higher temperature fractions. The

situation is reversed in the lower temperature fractions.
1.4. Conclusions

It turned out that the mutual separation of rare earths can be conducted effectively in a flow-
type reactor using the chemical vapor transport process mediated by vapor complexes in the RCls-
AICl3 system. A high separation efficiency was attained by precise control and optimization of the
temperature gradient. Rare earths of almost 100% purity were obtained by multiple reactions. This
method is suitable for the industrial mass production of rare earths of high purity. The rare earth
chlorides obtained can be converted directly to rare earth metals, the demand for which is increas-

ing year by year owing to applications in high performance intermetallic compounds.
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Chapter 2

Mutual Separation of Mixed Praseodymium and Neodymium
Using Chemical Vapor Transport Mediated by
Rare Earth Chloride—Alkali Metal Chloride Vapor Complex

2.1. Introduction

In addition to vapor complex formation in the RCl3-AlCl; (R = rare earths) system as
RCls(s, 1) + n/2 Al,Cls(g) = RAL,Cl3,(g), (2.1)

rare earth chlorides are known to form another series of vapor complex with alkali metal chlorides

(ACI) [1-7] according to the reaction,
RCls(s, 1) + ACI(s, 1) = ARClu(g). (2.2)

Though the vapor complexes in the corresponding iodide systems, RI3-Al, have been well studied
in terms of luminescent materials for high-intensity discharge lamps [1], any application of the
ARCly complexes has not been reported until now.

In general, mutual separation of rare earth elements, particularly of neighboring element
pairs in the periodic table, is quite difficult because of the similarity in their chemical properties.
This chapter describes the mutual separation characteristics of a PrCl3-NdCl3; mixture, which is
one of the neighboring rare earth pairs and the most difficult system for mutual separation, by
means of the chemical vapor transport (CVT) reaction via vapor complexes with alkali metal chlo-
rides. Furthermore, the transport reactions using mixed rare earth oxides were also attempted,
since rare earth chlorides hitherto used for the raw material for the CVT reactions are difficult to
handle due to high hygroscopicity. The resulting separation efficiency was discussed from the
viewpoints of the chlorination and transport conditions and mechanism, and, further, a simulation
of the transport phenomena was carried out by a calculation based on known thermodynamic data

and empirical factors.
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2.2. Experimental Details

2.2.1. Mutual Separation of Mixed Praseodymium and Neodymium Chlorides

Materials. Anhydrous rare earth chlorides, RCl3 (R = Pr, Nd), were prepared by heating the
corresponding oxides, PrgO11 and Nd;O3 (purity, 99.9%), with a large excess of NH4Cl (99.0%) at
623 K for 2 h in a stream of the N, gas dried by passing through a P05 column; further, the residual
NH4C1 was removed by sublimation at 673 K. The resulting RCl; was identified by the powder X-
ray diffraction pattern [18].

A series of chlorides, i.e. anhydrous AICl3 (98.0%), LiCl (99.0%), NaCl (99.9%), KCl1 (99.5%),
RbC1 (99.0%), and CsCl1 (99.0%), was used as complex formers without any pretreatment for the
CVT reaction.

Operation.  The apparatus employed for the CVT reaction is the same as described in
Chapter 1. An equimolar mixed chloride of PrCl; and NdCl3 was weighed and then put on an
alumina boat (length, 90 mm). The boat was placed in an alumina tube (outer diameter, 21 mm;
inner diameter, 16 mm; length, 140 mm) and set at the upper end of the temperature gradient. The
complex former (ACl) was added directly to RCl3. Since AICl;3 is very volatile compared to ACI,
it was charged into a glass ampule with a small orifice with a diameter of about 0.5 mm. The
ampule was then loaded into furnace A (length, 180 mm) and mildly heated in order to control its
evaporation rate.

The CVT reaction was performed in a stream of mixed N, and Cl; gases with flow rates of 30

and 5 cm® min~!

, respectively. By operating furnace B, the desired temperature gradient was
attained. The raw material of RCls, or its mixture with ACl, was heated to 1273 K. Further, if need
be, furnace A was heated over the temperature range 353 to 473 K at a rate of 20 K h™! in order to
generate gas-phase aluminium chloride, Al,Clg (¢f Procedure I in Chapter 1). The rare earth
chlorides reacted with ACI or Al;Clg to form gas-phase complexes: ARCly or RAL,Clzi3, (n=1-
4). The resulting complexes were driven with the carrier gas and decomposed along the tempera-
ture gradient according to the reverse process of egs. 2.1 and 2.2 to regenerate RCl3. The transport
reaction lasted for 6 h.

The deposits were collected by removing the twelve pieces of alumina tubing; they were then
dissolved individually in deionized water, and the compositions of PrCl; and NdClz were deter-
mined for every portion from the peak intensity values of the visible absorption spectra at 444.2 nm

for the Pr’* ion and 794.0 nm for the Nd** ion. The content of AC] (except for LiCl) in each portion
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was checked by means of an X-ray fluorescence analysis (Rigaku System 3270A) using ZnCl, as

an internal standard.

2.2.2. Mutual Separation of Mixed Praseodymium and Neodymium Oxides

Materials. The equimolar mixture of praseodymium and neodymium oxides (total 6.0 X
1073 mol) was used for the CVT reactions. In order to obtain a homogeneously mixed raw mate-
rial, the mixed oxide was prepared from a corresponding aqueous solution of the mixed praseody-
mium and neodymium chlorides by precipitation with a saturated (COONHy); solution in pH = 2.
The obtained Ry(COO)3 was then filtered off, washed with deionized water, and calcined with a
methane flame on a platinum crucible for 1 day to give the mixed oxide, R,03. The oxide was
analyzed on an X-ray fluorometer to make sure the composition was Pr/Nd = 1/1.

Potassium chloride (6.0 X 1073 mol) equimolar with a R>* ion in the R,03 was used as the
complex former (transporting agent) for the CVT reaction. As well as KCl, some potassium salts,
K>CO3, K2S04, KNOs3, KF, and KAI(SOy),, were also used as a precursor of the complex former,
KCl, in order to avoid a deviation of the composition of the raw melt where a mole ratio R/K of 1/1
is desirable as mentioned below. These potassium salts were reagent grade (> 99.0%) and used
without any further purification except for KAI(SO4); which was prepared from a corresponding
hydrate by heating at 423 K.

A powdery active carbon (ca 0.5 g) as a deoxidant was also mixed with the raw material

without any pretreatment.

Operation.  The instrumentation to obtain a temperature gradient for CVT reaction has
been described in detail in Chapter 1. A raw mixture of the mixed oxide, potassium salt, and active
carbon was put in a mullite boat (length, 90 mm). The boat was then placed in a quartz inner tube
(outer diameter, 22 mm; inner diameter, 19 mm; length, 140 mm) and loaded in a quartz reactor
tube with a stream of N5 (30 cm® min™!) and Cl, (5 cm® min™) gases. Upon heating by electric
furnace up to 1273 K, the rare earth mixed oxide and potassium salt were chlorinated by Cl, to

RCl; and KCl. These reactions are expressed as follows:

R203(s) + 3 Clp(g) + 3 C(s) — 2 RCls(s, ) + 3 CO(g), (2.3)

K>COs(s) + Cla(g) + 2 C(s) — 2 KClI(s, D) + 3 CO(g), 24
and

K3SO04(s) + Clx(g) + 2 C(s) — 2 KClI(s, 1) + SO2(g) + 2 CO(g). (2.5)
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The mixture was finally heated at 1273 K, and the resulting RCI3 and KCl were converted to the

vapor complexes via reaction as
RCIs(s, ) + KCI(s, ) = KRClg(g). (2.6)

The complexes, KPrCls(g) and KNdCly(g), were driven with the No—Cl; gas stream in the reactor
along a temperature gradient and decomposed according to the reverse process of eq. 2.6, and rare
earth chlorides were regenerated. After the CVT reaction lasted for 6-82 h, the resulting deposits
along the temperature gradient were collected from the inner tubes. The deposits in the inner tubes
and the residual mixture on the boat were dissolved individually in dilute hydrochloric acid to
determine the composition of Pr, Nd, and K for each inner tube (FN = fraction number) on an X-ray

fluorometer (Rigaku System 3270A).
2.3. Results and Discussion

2.3.1. Mutual Separation of Mixed Praseodymium and Neodymium Chlorides
) Effect of Alkali Metal Chloride as a Complex Former

Three metal chlorides (AICl3, NaCl, and KCl) were used as complex formers. Figure 2.1
shows a series of deposition profiles for the CVT reaction over the divided twelve portions, num-
bered as fraction numbers (FN), together with the temperature gradient. The charged amounts of
RCl3, AICI3, and ACI were as follows: RCl3, 1.65 x 107%; AlCl3, 7.5 1072; AC, 1.65 x 107> mol.

For AICI; (see Fig. 2.1(b)), the deposition profile of PrClz was almost same as that of NdCls,
peaking at FN =4. This means that the formation and decomposition conditions of vapor com-
plexes PrAl,Cls,3, and NdAl,Cls,3, are closely similar to each other. Under this condition tailing
up to the end of the temperature gradient (FN = 12) and the second small peak at FN =9 were also
observed on their profiles. The latter is probably due to a steep decline in the temperature gradient.

The deposition profiles of RCl3 observed for the CVT reactions upon using NaCl and KCl
were greatly sharpened, and their gravity centers were shifted to the higher-temperature side com-
pared with the case of AlCl3. This means that the temperature region for the formation of vapor
complex ARCly is higher than that for RAl,Cls,3,. Furthermore, some differences between the
deposition profiles for PrCl; and NdCl; were emphasized by using them as complex formers. Gen-
erally, the amount of the lighter rare earth chloride is larger than that of the heavier one at higher
temperature fractions, while the situation is inverted at the lower-temperature side. This tendency

was more or less observed in each case of AlCl3, NaCl, and KCI. Particularly, when KCl was used,
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Figure 2.1. (a) Temperature gradient and (b—d) distribution of RCl3 and ACl deposits. Raw
material was an equimolar mixture of PrClz and NdCls (1.65 x 1073 mol); complex formers
were (b) AlCI3 (7.5 x 1072 mol), (c) NaCl (1.65 x 1073 mol), and (d) KCI (1.65 x 1073 mol); mixed

N2 and Cl, gases (N2, 30 cm® min™'; Cl,, 5 cm® min~') was flowed as carrier; reaction time
was 6 h.
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Table 2.1. Separation factors and recovery for the chemical
vapor transport using various complex formers

Complex former Separation factor 2 Recovery (%)
[N BNa/pr
AlCly 1.00 1.07 17
NaCl 1.04 1.21 25
KCl 1.07 1.33 42
LiCl and AICl3 1.04 1.16 19
NaCl and AICl3 1.08 1.20 33
KCl and AICl5 1.07 1.20 40
RbCl and AICl5 1.08 1.24 26
CsCl and AlCl3 1.1 1.19 38
2See text.
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Figure 2.2. Molar fraction of PrCl3 per RCl3 contents for deposits shown in Fig. 2.1. Complex
formers were AICls, NaCl, and KCl.

PrCl; peaked at FN =3, while NdCl3 peaked at FN=4.

The total amount of the RCl3 deposited, that is, the recovery of RCls, was low (17%) when
AICl3 was employed as the complex former. However, by using ACl in place of AlCl3, the recov-
ery was improved: NaCl, 25%; KCl, 42% (see Table 2.1). This indicates that the formation of
vapor complex RAl,Cls,3, is limited and, hence, is too slow to equilibrate [14], since in this case

complexation takes place only on the surface of the RCl3 melt, compared with the bulk reaction in
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the melt of RCl; and ACL

Figure 2.2 shows the molar fraction profiles of PrCls for deposits transported by AlClz, NaCl,
and KCl. Transport with AICl;3 gave a flat relation against FN, and the separation efficiency be-
tween PrCls and NdCls was very poor. The molar fraction value of PrCl3 slightly decreased with
an increase in FN. The above-mentioned tendency, that the deposition profile of RCl3 schemati-
cally shifts to the lower temperature side with an increase in the atomic number of R, was also
observed under this condition. This feature is in accord with the previous results obtained regard-
ing the PrCl3-ErCls, PrCl3-SmCls, and PrCl3-GdCl3-ErCls systems (see Chapter 1).

On the other hand, the use of ACl as a complex former makes the molar fraction profiles
sharpen and allows an improved separation efficiency. The molar-fraction profiles of PrCl; were
maximized at around FN =3 and steeply declined with an increase in FN compared with the values
for AICI; (see Fig. 2.2). This results in a selective concentration of PrCls or NdCl3 onto every
fraction along the temperature gradient, and realizes mutual separation between PrCl; and NdCl;
in high efficiency.

The difference in sharpness of the molar-fraction curves for NaCl and KCl indicates that the
formation equilibria of KPrCly and KNdCly cause an apparent difference from each other com-
pared with that of NaPrCl, and NaNdCly; further, deposition is more selective when using KCl.
Novikov et al have determined that though the formation enthalpies and entropies of these com-
plexes are equal to each other (AH °1350k = 59.3 £ 4 kcal mol™'; AS®j3s0k =32.3+3 e.u. (e.u. =cal
°C™1)), the compositions of the vapor complexes over 50 mol% melt of the RC13-KCl system (R =
Pr, Nd) are quite different at 1273 K: KPrCly, 13.0 mol%; KNdCly, 23.0 mol% [19a]. Unfortu-
nately, thermodynamic data with respect to the sodium-containing complex have been obtained
only for NaNdCly [19b]. Therefore, one can not argue for a difference between the formation
conditions of NaPrCly and NaNdCly as well as the reason for the improved separation efficiency
(NaCl < KCl) from the viewpoint of thermodynamics.

In order to compare the separation efficiency for each complex former, the value separation
factor B was evaluated. The f values at the high- and low-temperature sides, where each amount of

RCl3 deposited is equal to half the total (i.e. Napr + Nung = NLpr + NLNa), are defined as

= NupdNuNd _ pon 27
Brind NopdNond HP/NHUNd 2.7
and
/N
Brapr = NndNipe = gy /N pr. (2.8)

"7 Nong/Nopr
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Here, Nyr and Nir (R =Pr, Nd) are the molar quantities of the deposits transported to high- and
low-temperature sides, respectively, and Ngp; and Ngng are Pr- and Nd-contents of the initially
loaded raw mixture. In this work, Nopr and Nong are equal to each other and, hence, the f values
can be simply expressed as the right-hand sides of the equations.

The obtained separation factors are summarized in Table 2.1 together with the recoveries.
The Bpi/na and Pnaspr values show a tendency to increase in the order AlCl3 < NaCl< KCl, as well
as the recoveries. In general, the fBpyng Value is smaller than the Bng/pr, since the vapor complex
comprising NdCls, NdAl,Cls;3, and ANdCly, are easy to form, compared with those of PrCls.
NdCl; thus tends to be transported more than PrCls. If the amounts of PrCl; and NdCls deposits
were similar to each other, the two above-mentioned 8 values should be equal. It is noteworthy that
the Bnapr value for KCI (1.33) is not inferior to those of the complexing agents for conventional
solvent extractions, e.g., 1.38 for bis(2-methylhexyl)phosphoric acid (D2EHPA) [20a] and 1.50 for
tributyl phosphate (TBP) [20b].

When AlCl; was used as the complex former, the AICI; residue reproduced by the reverse
process of eq. 2.1 was passed through the lower temperature region and condensed at the right-
hand end of furnace B, due to the relatively low sublimation temperature of AICI3 (below 473 K).
Consequently, the RCl;3 deposits transported by AlCl3 are obtained in pure form without any con-
tamination of the used complex former. In other words, it is possible that complex former AICl3
can be recovered and recycled for further processing. In contrast, the volatility of ACl is low in the
temperature region studied in this work; these are widely spread over furnace B, showing two
deposition peaks at FN=4 and FN=10. The peak at FN =4 is assigned to the ACI deposit related
to the CVT reaction, since it almost coincides with the deposition peak position of RCl3. The peak
at FN =10 seems to be responsible for the residue which results from the free ACI vapor after
migrating via the gas phase, since the deposition profile of the ACI usually has a single peak at FN
= 6 in furnace B when only ACl is loaded. As a result, the RCl3 deposits transported by ACl
contain a significant amount of ACI as an impurity and, thus, they need to be removed from the

RCl; deposits.

(2) Simultaneous Use of ACI (A = alkali metal) and AICl;3
To remove the ACI residue from the RCI3 deposit, both ACI and AICI3 were simultaneously
used as complex formers. That is to say, 1.65 X 1072 mol of ACI (A =Li, Na, K, Rb, and Cs) was
mixed with an equimolar amount of raw RCl3 (Pr/Nd = 1/1); furthermore, gaseous Al,Clg (total 7.5

x 1072 mol) was introduced from furnaces A to B as a second complex former.
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Figure 2.3. Distribution of RCl3 and ACI deposits under simultaneous uses of two complex
formers: (a) NaCl (1.65 x 1072 mol) and AICl3 (7.5 x 1072 mol); (b) KCI (1.65 x 1072 mol) and
AICI3 (7.5 x 1072 mol). Carrier gas and reaction time were as in Fig. 2.1.

Figure 2.3 shows the deposition profiles for RCl3 and ACl. The profile of AC] was remark-
ably changed upon the addition of AlCl3;. The greatest amount of ACI was carried to fraction FN =
12 and, hence, the transported RCl; scarcely contained any ACI residue as an impurity. Further-
more, the separation factors and recoveries of RCl3 (see Table 2.1) were maintained at similar
levels to that obtained for the transport reaction where only AC] was used as a complex former . It

has been found that complexation between ACI and AlCl; [21],
ACI(s) + 1/2 Al,Clg(g) = AAICl(g), (2.9)

takes place. It is concluded that any ACl residue codeposited according to the reverse process of
eq. 2.2 is removed by the regeneration of much more volatile complexes. i.e., NaAlCly and KAICly.

All of the alkali metal chlorides had a positive effect on the separation factor. Among them,
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RbCl gave the best result under the condition of simultaneously using ACI with AICl3 as the com-

plex formers. However, KCI may be better from the viewpoint of economical efficiency.

(3) Amount Dependence of ACI

The CVT reaction was carried out by using a variable amount of ACl. In order to compare
the RCl3 contents of the transported deposits, the amount of RCl3 (Pr/Nd = 1/1) initially loaded was
kept constant at 1.65 X 1073 mol. The chloride (NaCl) was mixed at two amounts: 5.50x 10~* mol
(Na/R=1/3) and 4.95 x 10~ mol (Na/R=3/1). As the second complex former, a total of 7.5 X 1072
mol of AICl3 was also used.

The amounts RCl3 in the deposits transported for a series of runs are summarized in Table
2.2, together with the separation factors and recoveries. As mentioned above, each Bng/py value is
generally larger than the corresponding Bpyng value, due to the difference in the complexation rates
between RCl3 and the complex formers. The highest Bya/pe value and recoveries were 1.20 and
33% upon the addition of 1.65 X 1073 mol of NaCl (Na/R = 1/1). The fact that those values are
maximized when the raw mixture comprises an equimolar composition of NaCl and RCl; explains
the increase in the amounts of RCl3 deposits transported, since RCls and ACl are known to form
1:1 vapor complexes, such as NaPrCly and NaNdCly [7a, 19]. Moreover, the result that the
values varied in a similar manner as the yield indicates that NaCl plays a key role in the CVT

reaction for RCl3, even when AICl; and NaCl are simultaneously used as complex formers.

Table 2.2. Separation factors, amounts, and recoveries of the RCl;2 deposits
transported with various amounts of NaCl

NaCl Separation factor @ Amounts of RCl3 Recovery (%)
(1073 mol) deposit (10~ mol)
Bpi/Nd BNa/pr
0 1.00 1.07 2.79 17
0.55 1.04 1.17 4.11 25
1.65 1.08 1.20 5.40 33
4.95 1.08 1.18 4.97 30

aThe loaded amount of RCl3 for all runs was 1.65 x 1073 mol.
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2.3.2. Mutual Separation of Mixed Praseodymium and Neodymium Oxides
(1) CVT Reaction Using Various Potassium Salts as a Precursor of KCI
In the previous study (see Section 2.3.1), where an equimolar mixture of anhydrous chlo-
rides, RCl3 (1.65 X 10~ mol; Pr/Nd = 1/1) and KCI (1.65 x 1073 mol), was used as a starting
material for the CVT reaction, 82% of initially loaded RCl3 was transported after the reaction for 6

h; the yield was calculated as
yield/ % = 100 (No—Ng)/ No (2.10)

where Ny and Np are the molar quantity values of the total rare earth contents of raw material
initially loaded and residue in the boat after the CVT reaction, respectively. However, in the
present study where not RCl3 but R,O3 was used as the starting materials, the direct addition of
KCl to the mixed R,03 resulted in a low yield of rare earths, 25%, even if the same reaction
temperature and time were employed. In this case, a part of the KCl may have vaporized before the
chlorination of R;03 to RCl3, and, as a result, the composition of the raw material deviates from the
mole ratio R/K of 1/1. This mole ratio is of importance for the effective transport of RCl3 via the
vapor complex, ARCly(g), since the vapor pressure of ARCly(g) above a melt with this composi-
tion is the highest (see Section 2.3.1(3)). In order to avoid the deviation of composition, some
potassium salts other than KCl were tried to use as a precursor for KCl. The potassium salt charged
as the precursor of KCl was gradually chlorinated simultaneously with the mixed rare earth oxide,
and, therefore, the mole ratio (R/K = 1/1) was expected to be kept during chlorination.

Table 2.3 summarizes the amounts of transported rare earth chlorides and the yield for five
precursors, KoCO3, K;SO4, KNO3, KF, and KAI(SO4);, and also for KCI. Of all the five precur-
sors tested, K2COs3, K2SO4, and KNO3 improved the transportation efficiency, that is the yield, of
RCl3. Among them the yield obtained by using K,CO3 was the highest, and 55% of rare earths
initially loaded was transported. On the other hand, KF and KAI(SO4); provided negative effects
on the yield of RCl3. As for the KF, the decrease in the yield can be explained from a therfnody—
namical [22] aspect that the chlorination of KF is takes place with difficulty. Even for the most

plausible chlorination reaction of KF,
KF(1) + Clx(g) = KCI() + CIF(g), (2.11)

lies far to the left-hand side, AG11(1300 K) = + 63 kJ mol~!, while both the eqs. 2.4 and 2.5 are
leaned toward the right-hand side, AG4(1300 K) = - 533 kJ mol~! and AGs(1300 K) = -603 kJ
mol~l. On the contrary, the chlorination of KAI(SO4); took place easily, and, furthermore, the
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Table 2.3. Transported amounts and yields of rare
earths when various kinds of potassium salts were used
as a precursor of KCi2

Pottasium Transported amount Yield (%)
salt (103 mol)
Pr Nd

KoCO4 1.57 1.72 55
K2SOy4 1.03 1.22 37
KNO3 0.93 1.01 32
KF 0.48 0.58 18
KAI(SO,)o 0.64 0.76 9.8
KCI 0.69 0.82 25
KClb 0.67 0.69 82

a Raw material was RyOg (6.0 x 10~3 mol; Pr/Nd = 1/1).
b Mixed anhydrous chloride (1.65 x 103 mol; Pr/Nd =
1/1) was used as the raw material.

chlorination of KAI(SO4); gives KCI and AICl; at the same time, both of which function as the
complex formers against RCls. Therefore, the amount of RCl3 using KAI(SO4)2 was expected to
be increased compared with that for K;SO4. However, the yield for KAI(SO4); was almost on the
same level with that when KCl was directly used. This can be interpreted as the generation of a
more stable vapor species KAICl4(g) from KCl and AlCl; [21]. Hence, the effective amount of
KCl for the vapor complexation with RCl; was reduced.

Consequently, the use of some potassium salts as a precursor of KCl renders the effective
CVT reaction of rare earth oxides possible, and K,CO3 is the most appropriate from a viewpoint of
the transport efficiency. Equations 2.4 and 2.5 shows that CO gas generates during the process.
Though the CO generation seems disadvantageous, it is usual for a high-temperature chlorination

process and oxidation processes of CO to CO; have been established.

(2) CVT Reaction Using Stepwise Temperature Gradients
Introduction of Stepwise Temperature Gradients. The vapor complex KNdCly(g) is more
stable than KPrCly(g), and the KPrCly(g) tends to decompose at higher temperatures than KNdCly(g)
(see Section 2.3.1). Therefore, Pr- and Nd-rich deposits are obtained from high- and low-tempera-

ture fractions in the temperature gradients, respectively. In the present section temperature gradi-
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Figure 2.4. Typical profile of (a) a stepwise temperature gradient with a plateau zone main-
tained at Teonst = 1183 K and (b) distribution of PrCls and NdCls; deposits. Raw material was
equimolar mixed praseodymium and neodymium oxide (6.0 x 10~ mol); complex former was
K2CO3 (3.0 x 1073 mol) as a precursor of KCI; active carbon powder (0.5 g) was added to raw
material as deoxidant; mixed N; and Cl» gases (N2, 30 cm® min~'; Clo 5 cm® min~') was
flowed as carrier; reaction time was 82 h.

ents with a plateau zone (see Fig. 2.4(a)) with a temperature of T¢opst — Stepwise temperature
gradients — were employed. Figure 2.4(b) shows the amount of rare earths condensed over 13
fractions when a typical stepwise gradient with the constant temperature of 1183 K was employed.
Here, K;CO3 was added to the RoO3 raw mixture as a precursor for KCl. At the fraction number of
8 (FN = 8), which corresponds to the constant temperature zone, no deposition took place and,
hence, the Pr- and Nd-rich deposits were separately obtained from high-temperature fractions (FN
= 3-7; T > Tconst) and low-temperature fractions (FN = 9-13; T < Tonst), respectively. In other
words, the Pr- and Nd-rich fractions, that is the high- and low-temperature fractions, became clear
by the use of the stepwise temperature gradients. Analogously to eqs. 2.7 and 2.8, separation

factors, Bpyng and Bnapr, were defined as follows for the Pr- and Nd-rich portions, respectively:
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(M/ra)/ (A /rg) = ro/ry (2.12)

Brrma

and

Pnampre = L/ ro (2.13)

where ry, r., and ro are Nd/Pr mole ratios for the deposits of the high- and low-temperature frac-
tions and the raw material, respectively. In the present work rp was kept at 1.00 for all runs. For the
deposition profile of Fig. 2.4(b), for example, Ppyng and Bng/pr were calculated as 1.19 and 1.25.
Since the transported RCl3 was condensed not only on the surface of the inner tubes (see the
apparatus in Fig. 1.1) but also on the inner wall of the quartz reactor tube, all RCl3 deposits along
the temperature gradient were unable to be recovered. We can recover the deposits only on the
inner tubes. Thus, total amounts of RCl3 detected from the inner tubes are always less than real
transported amounts of RCl3, which are expressed as No— Np in eq. 2.10. On the other hand, the
separation factors are invariant values whether the deposits are recovered thoroughly or not. In the
following sections, the real transported amounts of PrCl; and NdCl;3 at the high- and low-tempera-

ture regions, Nypr, Nand, NLpr, and N ng, were calculated on the basis of the separation factors,
BpuNg and Bngpr, as

Nupr = Nopr—Nppr, (2.14)
Nung = Nond— NLNd» (2.15)
Nip = ﬁPr/NdNNd" roNp; , (2.16)
ro(BpinaBnapr — 1)
and
—r
Ning = Brape(BponaNNg ONPr), 2.17)

BrinaBrap: — 1

where Nop; and Nong are the molar quantities of Pr’* and Nd>* ions in the initially loaded mixed
oxide, RyO3 (No = Nop; + Nong), and Np; and Nng are the total transported amounts of PrCl; and
NdClz (No— N = Np; + NNg), respectively.

Effects of the Constant Temperatures, Tcons, on Separation Efficiency. The CVT reac-
tions using the stepwise temperature gradients with various constant temperature, Tcopst, Were car-
ried out. The reaction temperature was kept at 1273 K, and the reaction time was altered from 48

to 82 h. Figure 2.5 shows the relationship between the T¢ong and the separation factors (Bng/pr and
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Figure 2.5. Relationship between constant temperature of stepwise temperature gradient
{Teonst) and separation characteristics: (a) separation factors for Pr-rich portion (Bpyng) and
Nd-rich portion (Bng/pr); (b) the transported amounts of PrCls at Pr-rich portion (Nypr) and of
NdCl3 at Nd-rich portion (N_ng). Reaction times were 48 and 82 h.

BruNg) and the transported amounts (Nyp; and Ny ng) when reacted for 48 and 82 h. As Teonst 1S
increased, BpyNg increases and S ng/pr decreases (Fig. 2.5(a)), whereas Nyp; decreases and Npng
increases. In other words, the CVT reaction using a temperature gradient with low Tcong gives a
high purity NdClz whose yield is, however, very low and vice versa. These are explained as fol-
lows. Since the KNdCly(g) complex is more stable than KPrCls(g) (see Section 2.3.1), the tem-
perature for the region where NdCls deposits is lower than that for PrCls, as represented schemati-
cally in Fig. 2.6. If the constant temperature is relatively low (T¢onst = Ta, see Fig. 2.6(a)), then
Bnapr value becomes large since most of the deposit at a T < T, region is NdCls, while the amount

of NdCl5 deposit at this region, Ny Ng, is small. On the contrary, if the constant temperature is high
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Figure 2.6. Schematic representation of distribution of PrCl; and NdCl; deposits as a func-
tion of temperature and definition of Pr-rich and Nd-rich portions when constant temperature
of stepwise temperature gradient (Teongt) is relatively (a) low and (b) high.
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Figure 2.7. Relationship between transported amount of PrCl3 at Pr-rich portion (Nypr) and
separation factor (Bpyng), and between that of NdCl3 at Nd-rich portion (N ng) and separation
factor (Bna/pr) When reacted using a temperature gradient with a plateau zone maintained at
Teonst = 1183 K. Reaction times are designated in parentheses.
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(Tconst = T, see Fig. 2.6(b)), Bna/pr becomes small, whereas Np Ng increases.
Consequently, it is difficult to raise the separation efficiency and the yield at the same time.
One should select an appropriate T value according to the situations such as composition of the

raw material and demand on the market.

Effects of the Reaction time on Separation Efficiency. Figure 2.5 shows that separation
factor Bna/p: for 48 hour’s reaction is better than that for 82 hour’s. Figure 2.7 depicts the relation-
ship between transported amounts (Nyp; and Ny ng) and separation factors (Bpyng and Ppyng) Wwhen
reacted using a stepwise temperature gradient with a plateau zone maintained at T¢opge = 1183 K.
Separation factor Bng/pr decreased with increase in transported amount Ny ng, or with the elapse of
reaction time. On the contrary, separation factor Bpy/ng Was less than 1.00 when reacted for 6-12 h;
this means that the transported amount of NdClj3 is larger than that of PrCl; even at the high-
temperature region: Nyng > Nypr. For the reactions longer than 24 h separation factor Bpyng in-
creased beyond 1.00. These phenomena were explained as follows.

In the CVT reactions studied in this thesis, mutual separation of PrCl; and NdCljs is governed
by two factors: (i) selectivity in generation of vapor complexes from raw mixture and (ii) selectiv-
ity in decomposition of vapor complexes by temperature gradient. According to the relationship

between the total transported amounts (Np; and Nng) and the reaction time (see Fig. 2.8), the rate of
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Figure 2.8. Total transported amounts of PrCls (Np,;) and NdClI3 (Nng) as a function of reac-
tion time when reacted at 1273 K. Other reaction conditions were as in Fig. 2.4.
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KNdCl4(g) generation is larger than that of KPrCly(g) at the early stage of the CVT reaction (¢ = 0-
12 h), owing to the difference in stability of these complexes. Therefore, the transported amount of
NdCl; was larger both at high- and low-temperature regions. On the contrary, the Np; and Nng vs ¢
curves become parallel at # > 20 h, suggesting that the generating rates become almost equal and, as

a result, the selectivity (i) decreased. This leads to the decrease in Bng/pr and increase in BpyNg.

(3) Simulation of the CVT Reaction

Since the CVT reaction takes place at high temperatures, the reaction mechanism is too com-
plicated to be described as a simple reaction route. Therefore, it seems difficult to predict theoreti-
cally the separation efficiency based on some existing thermodynamic data. Furthermore, charac-
teristics of this system, where the CVT reaction goes under thermodynamically nonequilibrium
conditions due to a flow-type reactor, also make the theoretical interpretation of the reaction diffi-
cult. On the contrary, the fact that no deposition of RCl3 was observed at around the constant-
temperature region (see Fig. 2.4(b)) suggests that the gas phase in the constant-temperature region
is apparently in an “equilibrium” condition. Hence, the transported amounts at the low-tempera-
ture portion, Nppr and Ny Ny, represent this “quasi equilibrium” composition of the gas phase at the
constant temperature, Tcongt. In this section, on the basis of empirical vapor pressures calculated by
changing the constant temperature and the reaction time, an estimate of the separation efficiency
has been attempted.

First, the relationship between the total transported amounts, Np; and Nng, and the reaction
time during the CVT reaction at 1273 K was obtained both for PrCl; and NdCls (see Fig. 2.8).
Partial vapor pressures of KPrCly(g) and KNdCly(g) above the raw mixture after the elapse of time
t can be determined from the slope of the Np; and Nng vs f curves and the equation of state for an
ideal gas. Though the Np; and Nng values increase with the time, the rate of increase gradually
decreases as the time passes, indicating that the amounts of generating vapor complexes were
changing through the CVT reaction. From the analysis of the residue on the boat, it turned out that
this change of the vapor pressure is due to the deviation of composition of the melt, where the K/R
ratio gradually decreases during the reaction, since KCI(g) vaporizes simultaneously with KRCl4(g)
(see Chapter 5).

Empirical vapor pressures of the vapor complexes were, then, calculated for KPrCly(g) and
KNdCly(g) according to the following procedures:
(a) Saturated vapor pressures of KRCly(g) (Pkpcl ,(T) and Pxnac, (7)) at a temperature T were
calculated from the vapor pressures of RCl3(g) [23] and KCl(g) [24] by assuming the equilibrium
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constants, Kp(7) and Kng(7), of the equation
KRCl4(g) = KCI(g) + RCl3(g), (R =Pr,Nd) (2.18)

whose enthalpy and entropy changes have been reported [12]: AHg = 247 kJ mol™! and AS;g = 136
J mol™! K™! for both Pr and Nd. Furthermore, empirical factors, fp(7T) and fng(7), were introduced
to evaluate apparent equilibrium constants, fp(T)Kp/(T) and fna(T)Kna(T), i.e.

fa(DE(D) = FrReulDPreld) = g _pp Ng) 2.19)
P KRCl, app(T)

The vapor pressures of RCl3, Prcy,(7), and KCl1, Pxci(T), represented in atmospheres, were given

as
log Pkci(T) = —10710T~! ~3.0 log T+ 16.03, (2.20)
log Pprci,(T) = —13810 77" +7.563, (2.21)
and
log Pnaci,(T) = —12930 T~ +7.089. (2.22)

(b) The reaction period was divided into short time intervals, At; (i = 1, 2, 3, ...), and the amounts
of generated vapor complexes, AN; xrcy, (R = Pr, Nd), during each As; were obtained from Fig. 2.8.
For the sake of convenience, the Np; and Nng vs ¢ curves (Fig. 2.8) were approximated by some
adequate polynomial functions though there is no theoretical background. The amounts, AN; krci,
were then converted to vapor pressures, P; krci, (R = Pr, Nd), at the temperature of Tcopgt using the

relation

AN; xrelLRT, |
Pixrey, = —0KRCELZTconst R Pr,Nd;i=1,2,3,..) (2.23)

SvA¢L;

where S, v, and R are the cross section of the reactor, the velocity of the No—Cl; current, and the
ideal gas constant, respectively. )

(©) If Pgpeci, app(Teonst) 2 Pikprcy,» then all of the KPrCly(g) complex was considered to deposit at
the low-temperature region below Tconst, and if Pprci,app(Tconst) < PiKprcl, then the complexes
corresponding to the difference P; kprci, — PKprCl, app(Tconst) Were assumed to deposit at the high-
temperature region above Tconst, and the rest Pxprci, app(Zconst) Was condensed to the lower-tem-
perature region. For the KNdCly(g) complex, a similar calculation was carried out.

(d) For each At; the calculations (b)—(c) were done, and, then, a pair of calculated Nyp;, Nund,

NLpr, and Npng values was obtained as a summation over all ¢’s.
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Table 2.4. Empirical factors, fg(T), for apparent equilibrium constants of reaction KRCly(g) = KCl(g) +
RCls(g) and apparent vapor pressures of KRCl4(9), Pkrey,, app(n, for the flow-type chemical vapor
transport reaction (R = Pr and Nd)2

Reaction T.onst? KPrCly(g) KNdCly(g)
time (h) (K)
foTeonst) P KPrCI4,app(Tconst) @m)  fng(Teonst) P KNdCI4,app(Tconst) (atm)

48 1203 9.0 4.6x10™4 11.0 6.8x 1074
48 1183 7.4 4.0x10™% 9.4 5.9x 1074
48 1163 8.6 2.5x 104 9.8 4.2x10™4
48 1123 9.4 1.1x1074 9.6 2.2x10-4
82 1223 9.3 6.1x10~4 9.9 1.0x10-3
82 1203 8.2 5.1x 10~ 10.5 7.2x10™4
82 1183 6.9 4.3x1074 9.7 5.8x10~4
82 1163 9.4 2.3x1074 11.5 3.6x10~4
82 1123 6.0 1.8x10™4 6.9 3.1x10~4
82 1103 6.9 1.1x10™4 7.8 2.0x10™%
82 1073 3.4 1.2x10™4 4.2 2.1x10™%

a Raw materials were RyO3 (6.0 x 10~3 mol), Ko,CO3 (3.0% 1 0~3 mol), and an active carbon powder; a
mixed N, (30 cm3 min~1) and Cl, (5 cm3 min~1) gases was passed through the reactor. Reaction
temperature was 1273 K.

b Constant temperature in the stepwise temperature gradient; see the text.

(e) The calculations (b)—(d) were repeated by altering the fp(T) and fng(7) factors from 1 to larger
values to fit the calculated Nypr, Nung, NLpr, and Ning with the experimental ones obtained from
egs. 2.14-2.17.

Table 2.4 summarizes the empirical factors together with the apparent vapor pressures,
Pxrel,,app(T), calculated from eq. 2.19. The empirical factors lie around 6-11, suggesting the
apparent vapor pressures are lowered compared with the equilibrium vapor pressures, Pxrc, (1),
which are predicted from eqgs. 2.18 and 2.20-2.22 (Pgrc1,(T) = Prei,(DPxci(TV/KR(T)). The factor
fer(T) is generally larger than the correspondent fng(T) value. Several factors can be stipulated for
the lowering of vapor pressures: (i) RCl3 and KCI are thermally stabilized by forming the molten
mixture and, therefore, the vapor pressures of RCl3(g) and KCI(g) are reduced compared to those
expected from eqs. 2.20-2.22 (c¢f vapor pressures of KNdCls(g), KCI(g), and NdCl3(g) over an
equimolar NdCl3-KCl melt; see Chapter 5); (ii) the vapor complexation usually has a slow reaction
rate [14], resulting in an apparently low vapor pressure, since the CVT reaction takes place on a

flow-type reactor where eq. 2.18 is not thoroughly thermodynamically equilibrated; (iii) there are
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Figure 2.9. Vapor pressures of KRCly complexes calculated from existing thermodynamic
functions (solid line) and apparent vapor pressures of KRCI4 observed in flow-type chemical
vapor transport reaction (dashed line).

some interactions between Pr- and Nd-vapor species, though these are not taken into account in the
above calculations. Although the extent of contribution of these factors is ambiguo_us, it is note-
worthy that the apparent vapor pressures are more or less affected by equilibrium vapor pressures,
Pxprr,(T) and Pxnacy,(T), because the log Pret, app(T) vs 1/T plots roughly show a linear relation-
ship and the PgNdci,app(T) is always larger than Pkprci,,app(7) in analogy with Pgrc),(T) where

Pxnaci,(7) is also larger than Pkprcy (7).
Based on the apparent vapor pressures, the relationship between the transported amounts,

Nupr and N Ng, and the separation factors, fpyng and Bna/pr, Was predicted for 48 and 82 h reaction.

Here, the apparent vapor pressures were approximated as

log Pxprci app(T) = ~7519 T~ +29134 (2.24)

and
log Pxndcl,app(T) = —9537 T~ +21850 (2.25)

by the least-squares method on the basis of the log Pkrcy,app v§ I/T plots given in Fig. 2.9. To-

gether with the calculated relationship (Fig. 2.10) assuming reaction for 48 and 82 h, experimental
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values for the same reaction time were plotted. When Np g is at a low level, the separation factor,
Bnaspr, is expected to reach around 1.8-1.9, which exceeds the factor for conventional solvent
extraction (Bng/pr = 1.5) [20b] where tributyl phosphate (TBP) was used for an extractant and,
actually, the factor of 1.7-1.9 was obtained.
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Figure 2.10. Relationship between transported amount of PrCls at Pr-rich portion (Nyp;) and
separation factor (Bpyng), and between that of NdCls at Nd-rich portion (N_ng) and separation
factor (Bna/pr) When reacted for (a) 48 and (b) 82 h. Solid and dashed lines are calculated and
plots are experimentally observed values.
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Figure 2.11. Change of enthalpy for each step for calculation of necessary heat of chemical
vapor transport reaction represented in kJ mol~" of Nd3* or K*, except for C(s) and Clx(g)
which are in kJ mol™".

(4) Necessary Heat for the CVT Reaction

The chlorination and vapor complexation are so complicated that we cannot write down a
simple reaction scheme as mentioned above. However, it is important to calculate the necessary
energy for the CVT reaction for the sake of comparing the CVT process with the conventional wet
methods. So, the necessary heat for formation of a vapor complex, KNdCly(g), was calculated by
assuming some steps using existing thermodynamic functions [19a, 22, 25]. All starting materials,
Nd,;03, K,CO3, C, and Cl,, were supposed to be introduced into a reactor at room temperature (298
K) and heated up to 1300 K. Then, the Nd,O3 and K,CO3 are chlorinated, yielding NdCl3, KCl,
and CO gas, and the resulting NdCl3 and KCl vaporize and subsequently form the vapor complex,
KNdCly(g).

The enthalpy change for each step is summarized in Fig. 2.11. The heat necessary for the

overall reaction

1/2 Nd03(s) + 1/2 K,CO3(s) + 5/2 C(s) + 2 Cla(g) [298 K]
— KNdCls(g) + 3 CO(g) [1300 K] (2.26)

was calculated as 190.1 kJ mol™ which corresponds to 1.12 X 10° kJ ton ! of Nd,O3 treatment. For
the formation of the KPrCly(g) complex, almost the same amount of heat is expected due to the
similarity in chemical properties between Pr and Nd. Since the efficiency of the apparatus is less

than 100%, a practical necessary heat for the CVT process is higher than the above calculated
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value. However, the heat necessary for the CVT process can be reduced by combining the process
with a conventional direct chlorination method for extracting rare earths from the ores (see Chapter

3), because the heating and chlorinating steps of Nd,O3

1/2 NdO3(s) + 3/2 C(s) + 3/2 Clx(g) [298 K]
— NdACIz(1) + 3/2 CO(g) [1300 K] (2.27)

will be omitted in the combination process.

We cannot compare the necessary heat for the CVT process with that of other conventional
wet methods. However, it is no doubt that the dry CVT process needs less energy than the wet
methods, since the CVT process is quite simple whereas the wet ones always require a series of
complicated treatments such as dissolution of raw material, precipitation of filtrates, and drying

and calcination of precipitates.

2.4. Conclusions

The effective mutual separation of PrCl3-NdClz mixture was realized by the CVT method
using alkali metal chlorides as complex formers. The separation factor evaluated in the system
(RCI3-KCl1) is 1.33. 1t is comparable to the value observed by the conventional solvent-extraction
method. Furthermore, the rare earth chlorides separated via the gas-phase complexes were ob-
tained in pure form upon removing the codeposited alkali metal chloride by using aluminium chlo-
ride as the second complex former.

The mutual separation of mixed oxide was also conducted effectively using the CVT pro-
cess, where K,CO3 was used as a precursor of the complex former, KCI. The separation character-
istics of the complexes for the flow-type CVT reaction using the stepwise temperature gradients
with various constant temperature zones strongly depended on the temperature of the plateau, 7¢onst-
When Tons; is low, the amount of recovered NdCl; was small whereas the separation factor is high,
and vice versa. By employing apparent vapor pressure curves of the complexes for the flow-type

CVT reaction, this alternative feature of the recoveries was simulated.

2.5. Nomenclature

A = alkaline metals

CVT = chemical vapor transport
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Jre(D), fna(T) = empirical factors for vapor pressures of KPrCly(g) and KNdCls(g)

FN = fraction number for separation

AG4, AGs, AGyy = free energy changes of reactions 2.4, 2.5, and 2.11, kJ mol ™!

AH3g = enthalpy change of reaction 2.18, kJ mol™!

KRr(T) = equilibrium constant of reaction 2.18, atm

Np = amount of initially loaded rare earths (= Nop; + Nong), mol

Nopr, Nong = amounts of initially loaded praseodymium and neodymium oxides, mol

Np = amount of residual rare earths on the boat, mol

Npy, Nng = total transported amounts of PrClz (= Nyp; + NLpy) and NdCl3 (= Nyng + NLNg), mol

Nupr, Ning = transported amounts of PrClz and NdClj at the high-temperature region, mol

NLpr, NLNg = transported amounts of PrCl; and NdClj3 at the low-temperature region, mol

AN; krci, = amount of generated KRCly(g) vapor during Ar; , mol

Pxcl(T), Peeci,(T), Pnagcy,(T) = vapor pressures of KCI, PrCl3, and NdCl3, atm

Pxprc1,(T), Pkndc,(T) = saturated vapor pressures of KPrCla(g) and KNdCly(g), atm

Pxprc,app(T), PkNdc, app(T) = apparent vapor pressures of KPrCly(g) and KNdCla(g), atm

P;kprc1,, PikNdcl, = mean vapor pressures of KPrCly(g) and KNdCla(g) during At;, atm

ro, 'y, r. = mole ratio (Nd/Pr) for the raw material (= Ngng/Nop:), for the deposit of the high-
temperature region (= Nyng/Nypy), and for the deposit of the low-temperature region (= N_Nd/NLpr)

R = rare earths: praseodymium and/or neodymium

R = 1deal gas constant

S = cross section of the reactor tube

AS1g = entropy change of reaction 2.18, J mol™! K™

¢t = reaction time of CVT

At; = time intervals for calculation of empirical vapor pressures

T = temperature, K

T.onst = constant temperature of the stepwise temperature gradient, K

v = velocity of the N>—Cl, current

BpiuNd, Bnarpr = separation factor for Pr-rich and Nd-rich portions
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Chapter 3

Vapor Phase Extraction and Mutual Separation of Rare Earths
from Concentrates and Crude Oxides
Using Chemical Vapor Transport

3.1. Introduction

The formation of halogen-bridged vapor complexes [1-7] renders it possible to transport
chemically low-volatile metal halides, such as rare earth halides, through temperature gradients. In
the previous chapters, the author reported on a promising dry rare earth separation technique using
the chemical vapor transport (CVT) phenomenon as an alternative to the commercial wet process
by which rare earths are currently produced. In the CVT process rare earth oxides can be directly
used as a raw material by employing some potassium salts as a precursor of KCl, one of the typical
vapor complex former (see Section 2.3.2(1)).

High temperature direct chlorination of ores using gaseous chlorinating agents such as Cl,,
HCl, CCly, and SOCl,, has been widely used for metal extraction processes including rare earth
extraction [26, 27]. Some rare earth ores contain thorium and uranium which are thoroughly ex-
tracted as gaseous chlorides in the course of the direct chlorination [27]. Rare earth chlorides are of
importance for the processing of rare earth metals, the demand for which is increasing due to the
development of various rare earth intermetallic materials.

This chapter describes a combination of the high-temperature direct chlorination and the
CVT processes, in which the concentrates or crude oxides of rare earths were used directly as
starting materials for the CVT process, and vapor phase extraction and separation characteristics of
rare earths were discussed.

Throughout this work, chlorine gas was mainly used as a chlorinating agent, since it is the
best in view of economy. On the other hand, carbon tetrachloride is, in many cases, able to chlori-
nate ores under milder conditions as compared with chlorine gas as recently reported on the chlori-
nation of titanium ores [28]. Thus, chlorination characteristics using carbon tetrachloride were also

examined with respect to monazite, one of the rare earth concentrate.
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3.2. Experimental Details

3.2.1. Chlorination and Chemical Vapor Transport Reaction Using Chlorine Gas as a
Chlorinating Agent

Materials. The concentrates of monazite and xenotime, which contain rare earths as the
orthophosphates (RPOj4), were used as the starting materials for the chlorination and CVT reaction,
as well as the crude oxides of rare earths (RpO3) which were prepared from bastnaesite, monazite,
and ionic ore in Xun-wu, China. The oxides from bastnaesite and the ionic ore were supplied by
Mitsubishi Kasei Corporation and Mitsui Mining & Smelting Co., Ltd., respectively, while the
monazite oxide was prepared from monazite concentrate by acid decomposition in the following
way. The monazite concentrate (10.00 g) was made to react with concentrated H>SO4 (15 cm3) in
an alumina crucible at 270 °C for 3 h, and the resulting metal sulfates were leached by deionized
water. After filtering off the insoluble constituent, the pH value of the filtrate was adjusted using
aqueous ammonia to 2.0 and saturated oxalic acid solution was added to precipitate rare earth
components as oxalates. The rare earth oxalates were then sucked off and calcined in a platinum
crucible, yielding the reddish brown mixed oxide. Table 3.1 summarizes the compositions of rare
earth and non-rare earth elements in the concentrates and oxides, as determined by X-ray fluores-
cent analysis.

Two kinds of complex former, i.e. transporting agent, AlCl3 and KCl, were tried; AlCl; was
used only for the CVT reaction of the oxide from the ionic ore. Aluminium chloride (10.0 g) was
sealed in a pyrex glass container with a small orifice (diameter, 0.5 mm) in order to generate the
gaseous aluminium chloride Al,Clg(g) slowly during the CVT reaction (cf Procedure I described in
Chapter 1). In contrast, in the case of KCl, K;CO3 was used as a precursor of KCl, being added
directly to the rare earth raw materials in furnace B without using furnace A. The use of K,CO3
instead of KCl restrained the deviation in the R/K mole ratio of the raw mixture during the chlori-

nation of rare earth components (see Section 2.3.2(1)).

Operation. The equipment used to obtain temperature gradients for the CVT reaction has
been described in detail in Chapter 1. However, length of each inner tube (see Section 1.2.2) used
for the CVT reaction of monazite is longer (60 mm) than those for other raw materials, since
furnace B employed for monazite is longer (860 mm). When the complex former was KCl, the rare
earth raw material, a small amount of active carbon as deoxidant, and K,CO3 were mixed and

introduced into a carbon boat. The mixture was then placed in the quartz inner tube and loaded into
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Table 3.1. Metal distribution in raw materials for chemical vapor transport reaction
(wt%)

Concentrates RPO, Oxides Ry04

Monazite Xenotime Monazite Bastnaesite lonic ore

Las04 15 0.67 22 32 28
CeO, 27 1.9 39 43 3.6
PrgO11 4.6 0.27 6.6 4.6 5.9
Nd50g5 10 1.3 14 12 24
Smy0g 0.92 3.8
EU203 t t
Gdy04 2.3 3.0
TbsO7 0.55 0.38
Dy>043 5.9 1.6
HO203 0.92

EryO4 3.7

Tmo0Og 0.67

YboOg 2.2 0.76
Lu,Og t t
Y503 0.52 39 0.62 8.6
MgO 0.28

Al,Og 0.29 0.74

SiOy 1.8 1.5

P,0g 19 18 0.17 0.33

K,0 0.17

CaO 1.6 0.33 0.55 1.4

TiOp 9.8

Cro04 0.34

MnO 0.38

Fes0g 4.1 5.2

SrO 3.5

ZrOo 4.4 0.44

WO4 0.12

ThO, 1 0.74 13

U30g 0.39 0.74
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the quartz reactor with a stream of N7 (30 cm® min™!). Once the desired temperature gradient had
been attained by operating furnace B, a Cl; stream (5 cm® min™) was introduced into the reactor to
chlorinate the mixture at 1000 °C, yielding RCl3, KCl, and other metal chlorides. When AICl3 was
the complex former, the container with solid AICl; (10.0 g) was put into furnace A. Once the
desired temperature gradient was attained by operating furnace B, the Cl, stream was introduced at
the same flow rate as above and furnace A was heated over the temperature range from 80 to 200 °C
in order to generate the gaseous aluminium chloride, Al,Clg(g), slowly during the reaction.

The concentrates (RPO4) and the oxides (RyO3) were thoroughly chlorinated by the No—Cl,
gas within 3 and 1 h at 1000 °C, respectively. The resulting RCl3 was subsequently converted to

the vapor complexes via reaction with KC1 or Al,Clg(g),

RCI5(s, 1) + KCl(s, 1) = KRCly(g) 3.1
and

RCl3(s, 1) + n/2 AloClg(g) = RAL,Clzyz,(g) (n=1-4). (3.2)

The complexes were driven along a temperature gradient by the gas stream, cooled gradually, and
allowed to decompose according to the reverse processes of egs. 3.1 and 3.2, thus RCl; was regen-
erated. The chlorides of other metal elements, e.g. Th, U, Ca, Fe, and Zr, present in the raw
materials, were also vaporized and transported via vapor complexes and/or simple halide mol-
ecules such as ThCly(g) and Fe,Clg(g). The CVT reaction lasted for 30-82 h, after which the
condensates along the temperature gradient were collected by removing the 13 pieces of alumina
inner tubing from the reactor. These condensates and the residual mixture on the boat were then
leached individually in dilute hydrochloric acid in order to determine the composition in each inner
tube using an X-ray fluorescent spectrometer (Rigaku System 3270A) and an ICP-atomic emission

spectrometer (Shimadzu ICPS-1000) using Zn?* as internal standard substance.

3.2.2. Chlorination and Chemical Vapor Transport Reaction Using Carbon Tetrachloride
as a Chlorinating Agent

A monazite concentrate (monazite sand) with particle diameter of 107°-107* m was used for
this study without any pretreatment. Carbon tetrachloride was washed with a concentrated KOH
aqueous solution and, then, with deionized water, dried with CaCl,, and distilled in the presence of
P,0s5 before use.

The raw material, 2.925 g of the monazite sand containing 9.4 X 1073 mol of R**, was put in
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a carbon boat, which was then placed in the inner tube and loaded in a quartz reactor with a stream
of N3 (30 cm® min~"). When the rare earth extraction via the vapor complex, KRCly(g) or
RAIL,Cl343,(g), was investigated, K,COs3 or a-Al,O3 was used as a precursor of the complex former
KCl or AICl3, respectively. The KoCO3 (0.648 g) containing 9.4 X 1073 mol of K* equimolar with
R3* in the monazite was mixed directly with the monazite sand, while the 0-Al,O3 (3.824 g) was
put in another boat and heated in furnace A at 900 °C. After a desired temperature gradient was
attained by operating furnace B, the chlorination was initiated by passing N gas through a flask of
CCly (see Fig. 1.1). The KoCOj3 or the a-Al,O3 was chlorinated by the CCly, yielding KCI(s, 1) or
AlxClg(g). The CCly flask was kept at a constant temperature during the reaction using a thermo-
stat.

The monazite was chlorinated by the CCly gas to form metal chlorides. Resulting volatile
metal chlorides, such as ThCly and UCly, were vaporized, driven along the temperature gradient
with the gas stream, and condensed. Rare earth chlorides, which themselves have low volatility,
were also vaporized in the presence of the complex former, KC1 or AICl3, by formation of the
vapor complex according to reactions 3.1 and 3.2. After the reaction, the condensates along the
temperature gradient were collected by removing the 13 pieces of quartz inner tubing from the
reactor. The condensates were then leached individually in dilute hydrochloric acid to determine
the composition of metal elements for each inner tube with an X-ray fluorescent spectrometer
(Rigaku System 3270A) and an ICP-atomic emission spectrometer (Shimadzu ICPS-1000) using
Zn** as internal standard substance. The chlorination residue on the boat was leached with deion-
ized water so as to remove residual chlorides and to separate them from unreacted monazite and
active carbon by filtration. Then, the final residue was calcined in an alumina crucible to remove
the active carbon and the unreacted monazite was weighed, while the filtrate was analyzed in the
same way for the condensates. The partial pressure of CCly was determined from the change in the

weight of the CCly flask and the total volume of the N gas flow during the reaction.
3.3. Results and Discussion

3.3.1. Chlorination and Chemical Vapor Transport Reaction Using Chlorine Gas as a
Chlorinating Agent
(1) Separation from Monazite
Extraction of Rare Earth Chlorides.  The temperature gradient employed for the CVT

reaction of monazite (both concentrate and crude oxide) is shown in Fig. 3.1(a), together with the
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Figure 3.1. (a) Temperature gradient and (b—d) distribution of metal chloride deposits. Raw
materials were (b) crude oxide and (c—d) concentrate of monazite; each contains 9.4 x 1073
mol of rare earths. Complex former was KCI which was mixed as precursor K,CO3 (4.7 x 1072
mol); active carbon powder was added to raw material as deoxidant; mixed N2 and Cl, gases
(N2, 30 cm® min~'; Clp, 5 cm® min~') was flowed as carrier; reaction time was 82 h.

distribution profiles for transported RCl3, CaCly, ThCly, UCly, and phosphorous component (dis-
cussed later) along the temperature gradient. The employed temperature gradient has a smaller
slope (5.4 °C cm™!) above 800 °C, since lighter rare earth elements are the main constituent of
monazite and their chlorides generally condensed at temperatures above 800 °C as mentioned in
Chapters 1 and 2. For both the monazite concentrate and the oxide, rare earth chlorides were
condensed in portions of FN = 1-5, over a temperature range 990-830 °C, while the other metal

chlorides were mainly condensed in fractions at lower temperatures.

Extraction of Thorium and Uranium Chlorides.  The monazite oxide contains thorium
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and calcium in addition to the rare earths. For the monazite oxide, ThCly was concentrated over the
temperature range 800550 °C (FN =7-9; see Fig. 3.1(b)) without any contamination for the rare
earth recoveries; this temperature range is in agreement with a result of the direct chlorination
experiment of monazite concentrate which was studied by Hilal and El Gohary [29]. In contrast,
CaCl; also condensed at FN = 1-5 with almost the same distribution profile as RCl3. This is
probably due to a low volatility of CaCl; [30] compared with that of ThCls. Figure 3.2 depicts the
distribution profile of the complex former, KCIl, which was widely distributed along the tempera-
ture gradient. Hence, RCl3; was extracted not as a pure form but as the RCl3-CaCl,-KCl mixture,
which can be used directly as a molten chloride bath for electrolytic reduction to produce rare earth
metals; alternatively, if the metals are to be produced by metallothermic reduction, CaCl, and KCl
will be removed as a slug.

The monazite concentrate contains uranium, aluminium, iron, and so on, in addition to the
elements in the oxide. In this case, ThCly, CaCl,, and KCl were condensed over almost the same
temperature range (Figs. 3.1(c) and 3.2) as for the oxide. About 65% of total extracted uranium
component was condensed in portions of FN=5-8 (870-670 °C). Since the uranium component in
the concentrate is expected to be converted to the volatile chloride UCl4 under this Cl,-rich atmo-
sphere, this temperature range 870-670 °C seems too high for the condensation of UCly. In fact,

the remaining 35% of the uranium component was condensed at FN = 13 (below 120 °C) and,

70 !

60 'cqncentrat
70) A S AN

40
30

Transported amount / 105 mol
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Figure 3.2. Distribution of KCI deposits. Raw materials were crude oxide and concentrate of
monazite; each contains 9.4 x 10~2 mol of rare earths. Other reaction conditions were as in
Fig. 3.1.
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Figure 3.3. Standard free energy of equilibrium reactions between POCIs, PCls, and PCls.

moreover, most of the uranium component was condensed at FN = 13 without using KCIl. The
condensation at 870-670 °C is probably due to the formation of a non-volatile double salt of UCly
with an alkali chloride, KC1 [31]. The distribution profile of KCl (Fig. 3.2) which was analogous to
that of uranium around FN = 5-8 also substantiated the double salt formation.

Consequently, the recovered ThCly was contaminated by uranium condensed at FN = 5-8.
The direct use of monazite concentrate as the starting material for the CVT procesé may not be
suitable for the mutual separation of the thorium and uranium components. In this case, the direct
chlorination of the concentrate should be performed first followed by the CVT reaction, accom-

plished by adding the complex former to the resulting crude RCls.

Condensation of Other Chlorides.  Aluminium, iron, and zirconium, whose chloride are
highly volatile, were transported to the portions below 550 °C (FN = 10-13). A phosphorous
compound produced by the chlorination of PO4>" ion is condensed mainly at FN=13. According
to Hartley’s work on direct chlorination of monazite on a thermodynamical aspect [32], the PO,
is converted to POCls. However, the chlorination temperature employed for present work is 1000

°C, which is higher than that of Hartley’s work. Calculations of free energy changes of reactions

POCl3(g) + C(s) = PCli(g) + CO(g), | 3.3)
PCl3(g) + Cla(g) = PCls(g), (34)
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Figure 3.4. Composition of rare earth chlorides for the condensates at FN=1-5. Raw mate-
rials were (a) crude oxide and (b) concentrate of monazite; each contains 9.4 x 1073 mol of
rare earths. Other reaction conditions were as in Fig. 3.1.

and
POClIs(g) + C(s) + Cla(g) = PCls(g) + CO(g), (3.5)

using some existing thermodynamic functions [33] show that PCl3 is more stable than POCl3 above
630 °C due to a negative free energy change of reaction 3.3 (Fig. 3.3). Therefore, the phosphorous
compound produced at 1000 °C is probably PCl3. Moreover, PCls is more stable than PCl; below
127 °C in the presence of Cl, gas. This suggests that the resulting PCl3 reacts with Cl; in the carrier
gas during transport and the condensed phosphorous compound at FN =13 (below 120 °C) will be
PCls. The condensate at FN =13 was a yellow solid, probably a solid solution of co-deposited
AlICl3, FeCls, ZrCly, and UCly.

Composition of Extracted Rare Earth Chlorides. Figure 3.4 shows the compositions of
RCl3 at the fractions 1-5 where RCl3 condensed. The chlorides of La, Ce, Pr, Nd, and Y were
deposited in that order at the fractions shown from higher temperatures (FN = 1; 990-970 °C) to
lower ones (FN=15; 870-830 °C). This deposition tendency agrees with the order of ionic radius of
rare earths, indicating that the vapor complexes, KRCly(g), with smaller ionic radius of R* are
more stable than those with larger ones and prefer to be concentrated at the fractions in the lower
temperature region. This result coincides with the previous one in regard to RAl,Cl3,3,(g) vapor
complexes whose stability also increased with the decrease of ionic radius of rare earth ions (see

Section 1.3.2). For the use of both the concentrate and crude oxide, the majority of the YCl3 was
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condensed at FN =5, and the mutual separation of yttrium and other rare earths was carried out

satisfactorily.

Yields of Each Element. The yields of each element after the CVT reaction for 82 h are

summarized in Table 3.2. The yields were calculated as
yield/ % = 100 Niotar / (Niotal + Nooat) (3.6)

where Niora1 and Npoq are the molar quantity values of the total transported metal chloride and the
residual metal chloride in the boat, respectively. Although the yields of the non-rare earth elements
were almost 100%, except for the non-volaﬁle CaCly, those of RCl3 were generally lower. The
yields of rare earth elements increased with decreasing ionic radius of the rare earths, also support-
ing the order in the stability of the vapor complexes.

In the absence of the complex former KCl1 (i.e. K,CO3), the yields of RCl3, shown as (iii) and
(iv) in Table 3.2, were reduced to about one-half of the value obtained in the presence of KCI ((i)
and (i1)). This difference, (i) — (iii) and (ii) - (iv), corresponds to volatility enhancement of RCl3
due to the formation of KRCly(g) vapor complex. Moreover, the fact that the concentrate always
provided higher yields than the oxide whether KC1 was used or not, i.e. (1) > (ii) and (iii) > (iv),

implies that the formation of some vapor species other than KRCly(g) influences the transport of

Table 3.2. Yields of rare earth chlorides for the chemical vapor transport reaction using monazite
concentrate or crude oxide

Raw Complex Yield of rare earths (%) Yield of non-rare earths (%)
material former
La Ce Pr Nd Y Ca Th U Al Fe Zr P
conc.2  KCI 33 63 67 64 >99 (i) 76 >99 >99 >99 98 >99 >99
oxide KC! 24 50 53 54 >99 (ii) 89 >99 - - - - .-
conc@ b 17 38 38 36 >99 (iii) 60 >99 >99 >99 >99 >99 >99
oxide -b 10 25 27 23 >99 (v) 85 >99 - - - - =
g 13 14 10 - (i) — (i)
7 13 11 13 - (iii) = (iv)
average 8 13 125 11.5 - (v}
16 25 29 28 — (i) — (iii)
14 25 26 31 — (i) = (iv)
average 15 25 275 295 - (vi)

aConcentrate.
bOnly chiorination was carried out.
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RCl3 in addition to KRCly(g), since the total rare earth content in the starting material was 9.4 X
1073 mol for both the concentrate and the oxide. If another vapor complex of RCl3 is formed in
addition to KRCly, the most plausible complex is that in the RCl3-POCl; system, because POCl3 is
known to form highly stable oxygen-bridged 1:1 vapor complexes MCl,-POCIl; [34] and, in this
case, it seemed natural that it should form a similar complex RCl3-POCl5(g) during the chlorination
of RPOy as

RPO4(s) + 3 C(s) + 3 Clx(g) — RCl3-POCls(g) + 3 CO(g). 3.7

However, a supplementary study (see Section 3.3.1(2)) could provide no positive evidence for the
presence of the RCI3-POCI; complex and also of the RCI3-PCls complex. Therefore, the additional
vapor species are still vague. If the additional vapor species are practically formed, then the differ-
ences in the yields, (i) — (ii) and (iii) — (iv) listed in Table 3.2, correspond to the amount of the
unknown vapor species. From the average values, (v), percentage of the generated unknown vapor

species was calculated as 20%, when the concentrate was transported using KCI.

(2) Existence of Phosphoryl or Phosphorus(11l) Chloride Complex

In order to investigate qualitatively the existence of the vapor complex(es) in the RCl3-POCl;3
and the RCI3-PCl3 systems, the following experiments were carried out. Anhydrous NdCl3 (1.0 g)
was transferred into a pyrex tube in a nitrogen-filled glove box with water vapor content less than
1 ppm. The pyrex tube was cleaned, flamed and degassed under dynamic vacuum before use. The
tube with NdCl; was then attached to a vacuum line where a glass tube with POCl; (0.148 cm3) or
PCl3 (0.140 cm’ ) was also attached. Under freezing the POCI; or the PCl3 with methanol-liquid
nitrogen, both the tubes were evacuated to about 0.5 Pa; the POCl3 or the PCl3 was, then, sublimed
into the NdCl3 tube which was immersed in the liquid nitrogen; the resulting tube, now containing
both the NdCl; and POCI; or PCls was then sealed off in vacuo.

The sealed tube (length, ca 35 cm) was placed in a tube furnace with slight slope so as to keep
the mixed POCI; or PCl; and NdCl; at one end. The furnace was operated to heat the mixture at
327 °C while keeping the other end of the tube at 80 °C. Under these conditions no liquid POCl3 or
PClI; was observed at the hot end (327 °C) and part of POCI3 or PCl; liquefied at the cool end,
which then dripped toward the hot end.

After the reaction for 160 h, the tube was taken from the furnace and the cool end with the
white condensate was cut and analyzed on an ICP-atomic emission spectrometer. However, the

condensate contained only phosphorous, not neodymium.
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As aresult, it may be concluded that vapor complexes in the RCl3-POCl3 and the RCl3-PCl3
systems are not formed, or, if they are formed, higher temperatures are necessary to cause com-
plexation. Since the MCl,-POCI; complexes are more like adducts than complexes, the RCl3-
POCI; complex(es) might form in a temperature range where RCl3(g) is present in a large relative

abundance.

(3) Separation from Xenotime Concentrate
Xenotime concentrate contains rare earths as the orthophosphates, as does the monazite con-
centrate. The composition of the rare earths in the xenotime is different from those in the monazite,

however, and yttrium and heavier rare earths have a large relative abundance. In the case of the
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Figure 3.5. (a) Temperature gradient, (b, c) distribution of metal chloride deposits, and (d)
composition of rare earth chlorides for the condensates at FN=1-9. Raw material was xeno-
time concentrate containing 18.1 x 1073 mol of rare earths; complex former was KC! which
was mixed as precursor KoCOj3 (9.1 x 1073 mol); deoxidant, carrier gas, and reaction time
were as in Fig. 3.1.
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CVT reaction using the xenotime, therefore, RCl; also condensed in the lower temperature range
(990-400 °C) rather than that observed for the monazite (990-830 °C), since the KRCly(g) com-
plexes of heavier rare earths are generally more volatile than those of lighter ones and have a
tendency to decompose at lower temperatures. Thus, the temperature gradient operated for the
CVT reaction using the xenotime is linear (27 °C cm™!) and low temperature region, where heavier
rare earth chlorides usually condense, is more widely ranged (Fig. 3.5(a)) than that for the mona-
zite. Figure 3.5(b) and (c) show the distribution profiles of RCI3 and other some metal chlorides,
respectively. The RCl3 recovered from high temperature fractions around FN =3 (940-870 °C)
was mixed with CaCl, and KCl, as also observed for the monazite. In these fractions light rare
earth chlorides (La~Sm) were concentrated to ca 60 mol% of total rare earths as shown in Figure
3.5(d). In contrast, most of YCls and the heavier rare earth chlorides condensed at FN = 3-7 (940—
550 °C), and the YCl3 at FN =7 was concentrated to 60 mol% of total RCl3. However, the distribu-
tion of the YCI3 overlapped with those of ThCly, UCly, and MnCl,. Since xenotime is important as
a source of yttrium, the contamination of YCIj3 by those chlorides is not desirable.

As aresult, the direct use of the xenotime concentrate as the raw material for the CVT reac-
tion is not appropriate for a yttrium extraction. It is better that the direct chlorination of the xeno-
time is carried out first to remove volatile metal chlorides such as ThCly, UCly, MnCl,, and POCls.
The resulting crude RCl3 should be used for the CVT reaction. This two-step process will render it

possible to obtain a YCls free from ThCl, and other contaminants.

Table 3.3. Yields (%) of rare earth chlorides for the chemical vapor transport reaction using rare
earth concentrates or crude oxides?

Raw material RKratioP La Ce Pr Nd Sm Gd Tb Dy Er Yb Y
monazite concentrate in 33 63 67 64 - - - - - - >99

1/2 45 67 76 76 - - - - - - >99

1/3 38 64 74 74 - - - - - — >99
xenotime concentrate  1/1 26 58 70 61 72 69 85 91 90 97 90
monazite oxide n 24 50 53 54 - - - - - - >99
jonic ore® 11 24 57 59 57 78 89 81 94 - 97 84
bastnaesite oxide 1Al 75 15 28 25 - - - — - - -~

11.5 15 27 46 44 - - - - - - -
1/2 28 48 67 67 - - - - - - -

aKCl was used as complex former.
b R/K mole ratio of initially loaded raw mixture.
¢ A crude oxide prepared from ionic ore in Xun-wu, China.
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Yields of each rare earth are given in Table 3.3. Analogous to the case of monazite, the yield
increased with decreasing ionic radius of R**, and the yields of non-rare earth elements (except for
Ca) were almost 100%.

(4) Separation from Crude Oxides
Ionic Ore. Both KCl and AICl3 were employed as complex formers for the CVT reaction
of the oxide prepared from ionic ore in Xun-wu, China. As shown in Table 3.1, the most abundant
elements in the Xun-wu deposit are La, Nd, and Y. Figures 3.6 and 3.7 show the temperature
gradient and the distribution profiles of RCl3 and the complex formers, KCl and AlCl3, respec-
tively. The temperature gradient has a smaller slope (6.8 °C cm™) above 850 °C.

When KCl was the complex former, RCl3 was condensed at 990-550 °C (FN = 1-10), which

(a)

., 1000 .
2. 800
e
g 600 \;
qé 400 N
& 200 h
12345678 910111213
Fraction number
470 (b) 100

%

150 2 zg %
sof po §
~— K\\ (4 ks,
60 " \/\ % 50 m—Y_ b

5
A

AN

8 g

n
o

Transported amount / 10°5 mol

SRR

B 2 N ! -
12345678 910111213 1 2 3 4 5 6 7
Fraction number Fraction number

N s

o
©
N

—
o

Figure 3.6. (a) Temperature gradient, (b) distribution of metal chloride deposits, and (c)
composition of rare earth chlorides for the condensates at FN=1-10. Raw material was
oxide prepared from ionic ore in Xun-wu containing 10.0 x 1073 mol of rare earths; complex
former was KCI which was mixed as precursor K2CO3 (5.0 x 1072 mol); deoxidant, carrier gas,
and reaction time were as in Fig. 3.1.
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1s the same temperature range observed for the CVT reaction of xenotime. The distribution profile
of RCI3 was similar to that of KCl, indicating qualitatively that the transport reaction of the RCl; is
mediated by the RCI3-KCI complex. Although the similarity in the distribution profile was also
observed in the CVT of bastnaesite oxide described below, this was not the case for the monazite
and xenotime concentrates, since KCI can form vapor complexes not only with RCl3 but also with
various other chlorides, by which process the distribution of KCl was affected.

By use of the CVT reaction with AlCl3 as the complex former, RCl; was condensed at 990—
250 °C (FN = 1-12), which is a wider range than with KCl, since the RCl3-AlCl3 vapor complex(es)
is more stable than the RCl3-KCl complex at the relatively low temperatures around 300400 °C
(see Section 2.3.1). The AICl3 was condensed only at FN =12 and 13 (below 350 °C) and, there-
fore, the RCI3; was obtained in the pure form. |

Figures 3.6(c) and 3.7(c) show the compositions of RCl; where lighter rare earth chlorides
prefer to be condensed at high temperatures and heavier ones at lower temperatures. The yields of

each RCl; follow the same order for both monazite and xenotime.

Bastnaesite — Effect of the R/K Mole Ratio in the Raw Material.  Since bastnaesite
contains only lighter rare earth elements, i.e. La, Ce, Pr, and Nd, rare earth chlorides may be formed
by the CVT reaction using bastnaesite oxide condensed at the same temperature region as in the
case of monazite. The temperature gradient for bastnaesite has a smaller slope (12 °C cm™') above
800 °C. }

Regarding the bastnaesite oxide, the effect of the R/K mole ratio of the initially introduced
raw material on the yield and mutual separation efficiency of RCl3 was investigated. The amount
of bastnaesite was kept constant at 2.000 g for all runs and the amount of K,CO3 was altered from
0.748 g (R/K=1/1) to 1.496 g (R/K = 1/2). The mutual separation efficiency was evaluated from
the difference in the composition of RCl3 between high (FN = 1-2) and low (FN =7-8) temperature
fractions. The CVT reaction using a pure anhydrous chloride RCI3-NaCl (R =Pr, Nd; Pr/Nd = 1/1)
mixture (see Section 2.3.1(3)) demonstrated that the equimolar raw mixture (R/Na=1/1) gives the
highest yield of RCl3 and the best Nd/Pr separation factor, fngpr. This is explained by the fact that
the RCI3-ACl (A = alkali metals) vapor complex is easy to form above R/A = 1/1 melt since the
vapor complex also has 1/1 composition. For the bastnaesite, however, the yield increased with
increasing KClI (i.e. K,COz3) content in the raw material (Table 3.3). At 1000 °C, as well as KRCl(g)
and RCl3(g), KCl(g) evaporated from the RCI3-KCl melt in relatively large abundance (see Chap-
ter 5 and also ref. [19a]). Therefore, the KCI content in the melt gradually decreases during the
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Figure 3.8. (a) Temperature gradient and (b—d) composition of rare earth chlorides for the
condensates at FN=1-8. Raw material was crude oxide of bastnaesite containing 10.8 x
10~3 mol of rare earths. Complex former was KCI which was mixed as precursor KoCOs: (b)
5.4x 1073 mol (R/K = 1/1); (c) 8.1 x 1073 mol (R/K = 1/1.5); (d) 10.8 x 1072 mol (R/K = 1/2).
Deoxidant, carrier gas, and reaction time were as in Fig. 3.1.

reaction for 82 h. If the amount of initially loaded K,COs3 is small, e.g. R/K =1/1, then KCl is
exhausted during the course of the reaction and, hence, the yield is lowered. In contrast, for the
CVT reaction using a pure RCl3-NaCl mixture (Section 2.3.1), the reaction time was much shorter
(6 h) and the loss of NaCl did not affect the yield and separation efficiency.

In contrast to the yield, the mutual separation efficiency was lowered with increasing KCl
concentration (see Fig. 3.8). In the bastnaesite oxide La and Nd represent 32 and 15 mol% of total
R203. When the R/K mole ratio was 1/1, La and Nd were concentrated up to 38 (FN=1) and 41
mol% (FN =8), respectively, while these were concentrated to only 33 mol% (FN =2) and 35

mol% (FN =7) when the mole ratio was 1/2. This is expressed quantitatively as follows. In this
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CVT process, the mutual separation efficiency is governed by two factors: (i) selectivity in va-
porization from the melt, and (ii) selectivity in condensation onto a temperature gradient. Since the
CVT reaction is a batch-type reaction, if all of initially present RCl3 were vaporized and trans-
ported completely, the effect of the former selectivity would be negligible. The CVT of a mixed
praseodymium and neodymium oxides (see Section 2.3.2(2)) also suggests that the Nd/Pr separa-
tion factor, Bna/pr, decreases with the advance of the reaction, that is, with increase of the yield
(transported amount) of RCl3 (see Fig. 2.7). In view of the separation efficiency, an appropriate
R/K ratio for the case of CVT using the bastnaesite oxide will be of 1/1.5, which gives an similar

separation efficiency to 1/1.

3.3.2. Chlorination and Chemical Vapor Transport Reaction Using Carbon Tetrachloride
as a Chlorinating Agent

Chlorination Behavior of Monazite. The chlorination characteristics of CCly were inves-
tigated without using the complex formers, KCI or AICl3. Though chlorination rate was acceler-
ated with the rise of temperature, CCly was remarkably deactivated by thermal decomposition at
higher temperatures than 900 °C. Figure 3.9(a) shows the relationship between fraction of mona-
zite chlorinated, x, and reaction time, ¢, under two CCly pressures when chlorinated at 900 °C. In
order to chlorinate 80% of initially loaded monazite, 82 and 48 h were necessary under the CCly
pressure of 4.0 % 10% and 10.0x 10° Pa, respectively. Due to the low volatility of RCl3, the resulting
RCl3 was remained in the raw material, whereas chlorides of Fe, Zr, and Th vaporized away imme-
diately and did not remain. In this case, therefore, the sharp interface model [35], where unreacted
inner core (i.e. monazite particle) is covered with ash layer of reaction product (RCls), is applicable
to analyze the chlorination curves in Fig. 3.9(a). According to the model [35], the chlorination
comprises three steps: (i) CCly diffusion through a gas film on the RCl;3 ash layer, (i1) CCly diffu-
sion through the ash layer, and (iii) reaction of CCly with the monazite core at interface between the
ash layer and the core. A plot of 1 —(1 —x)' against ¢ was found to be linear (Fig. 3.9(b)), i.e. 1 —
(1-x)!3 =kt (k =rate constant), suggesting that the third step determines the overall rate of the
chlorination. The rate constants, k, were calculated as 5.4 X 1073 (pccy, =4.0% 10° Pa) and 8.6 X
1073 h! (pccy, = 10.0X 10° Pa). The times required for complete chlorination, f, which were
obtained from the reciprocal of the rate constants, were 186 and 116 h for the two CCly pressures.

In general, the chlorination using CCly proceeds at lower temperatures than carbochlorina-
tion using chlorine gas Cl; and carbon [26]. This means chlorination by CCly 1s faster at the same

reaction temperature. However, the carbochlorination of the monazite sand at 900 °C using Cl,
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Figure 3.9. (a) Reaction rate, x, of monazite concentrate with time, ¢, during chlorination with
CCl4 and carbochlorination with Cl, at 1173 K and (b) plot of 1 - (1 —x)'® against reaction
time.

(10.0 x 10? Pa) and active carbon powder (0.585 g) was completed within 6 h and, therefore, it
turned out that the time required to complete the carbochlorination is much shorter. In a word,
CCly has lower efficiency than Cl, gas with respect to the chlorination of monazite. This is attrib-
utable to a high density of monazite sand compared to other many concentrates. If the monazite
sand is ground to a powder, the time required for complete chlorination will be shortened. How-
ever, the process, using the monazite sand as it is, is favorable because to grind the monazite sand

is difficult due to the hardness.
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Since the chlorination using CCly is probably expressed as
RPO4(s) + 3 CCly(g) — RCls(s, 1) + POCIs(g) + 3 COClx(g) (3.8)
and/or
RPO4(s) + 3/2 CCly(g) — RCl3(s, 1) + POCls(g) + 3/2 CO2(g), 3.9

the reaction is expected to have an order of 1.5-3.0. Contrary to the expect, a plot of k against
pccl 4” 2 (Fig. 3.10) shows that there is a correlation, k = a (pccy 4)1/ 2 (a = constant) and, hence, the

reaction has the order of 1/2. This also indicate the unusual slow speed of the chlorination by CCly.

Extraction of Rare Earth Chlorides via Vapor Complexes. Figure 3.11 shows the distri-
bution profile of metal chlorides along the temperature gradient after the reaction for 82 h. The
pressure of CCly was kept at 4.0 x 103 Pa. The chlorides of thorium and uranium were extracted
even in the absence of complex former such as KC1 and AICl3, while most of the rare earth chlo-
rides were remained in the boat. Without the complex former, the thorium and uranium chlorides
were condensed in the fractions of 7-9 at 580-340 °C (Fig. 3.11(b)). The yield of rare earths,
thorium, and uranium after the chlorination for 82 h were 1.8, 99, and 54 %, respectively; the yields
were calculated according to eq. 3.6. When the complex former, AlCl3, was used, the yield of RCl3
was increased to 9.9% and the extracted RCl3 was condensed in the fractions of 1-5 at 890-650 °C

(Fig. 3.11(c)). The yield of RCl3 was still lower than those of thorium and uranium. However, the
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Figure 3.10. A plot of kinetic constant, k, and square root of CCl4 pressure, pcci,-
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Figure 3.11. (a) Temperature gradient and (b-d) distribution of metal chloride deposits after
the reaction for 82 h. Raw material was monazite concentrate (2.925 g) containing 9.4 x 1073
mol of rare earths; complex formers were (b) not used, (c) AlCl; which was used as precursor
Al>03, and (d) KCI which was mixed as precursor KoCOj3 (4.7 x 10~ mol); mixed N, and CCly
gas (pccis = 4.0 x 10° Pa) was flowed.

yield can be improved if the reaction lasts for a longer time than 82 h. The thorium and uranium
chlorides were condensed at the same temperature range as observed in the absence of complex
former. Therefore, mutual separation of rare earth and thorium or uranium was conducted satisfac-
torily. Aluminium, iron and zirconium chlorides and a phosphorous compound, which is presum-
ably POCl3, produced by the chlorination of PO4>~ ion were condensed mainly at the fraction
number of 13 below 160 °C.

When the complex former was KCI, however, the yield of RCl3 was 1.2%, which is the same
level as obtained in the absence of the complex former. In this case, most of the KCl may have
vaporized before the chlorination of the monazite to RCl3, since the chlorination of the monazite

using CCly is much slower than that using Cl; gas as mentioned above. Moreover, thorium and
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uranium chlorides were widely distributed along the gradient and were not clearly separated from
extracted RCl3. This probably is caused by the formation of non-volatile double salt of UCl4 and
ThCl with an alkali chloride, KCI [31]. As a result, among the two complex formers tried, AICl3

has a positive effect on the extraction of RCls.
3.4. Conclusions

The CVT reaction can be conducted using rare earth concentrates or crude oxides as the raw
materials and low-volatile RCl; is extracted as the vapor phase by forming KRCls(g) or RAl,Cl343,(g)
vapor complexes. However, the direct use of the concentrate as the raw material is not always
appropriate, a two-step process of the direct chlorination followed by the CVT reaction being ad-
vantageous for the metal separation. Rare earth chlorides with smaller R3+ radii, i.e. heavier rare
earth chlorides including YCls, are generally more readily transported and concentrated in the
condensate at a lower temperature zone, with lighter ones condensing at higher temperature frac-
tions. This tendency, suggesting that the smaller R3* provides more stable vapor complexes, is
underlined by the order in the yields of each RCls: the yields of heavier chlorides are generally
higher than those of lighter ones. For the CVT reaction using bastnaesite, an R/K mole ratio less
than 1/1 is appropriate if the reaction lasts for a long time, e.g. 82 h.

In addition to the process using Cl; gas as a chlorinating agent, the CVT reaction using CCly
was also examined for rare earths and thorium separation from monazite. The chlorination rate
was unexpectedly slower than the carbochlorination under the same reaction conditions. The chlo-
rination with CCly was topochemical, and the amount of monazite reacted after different periods, ¢,
followed the relationship, 1— (1 —x)Y 3 = kr, suggesting that the kinetic control is the step of the
reaction between CCly and the monazite core at the interface. The kinetic order of the reaction was

1/2. By the use of complex former, AlCl3, rare earth chlorides were extracted owing to the chemi-

cal vapor transport phenomenon mediated by volatile RAl,,Clz;3,(g) complexes.
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Chapter 4

Recovery of Rare Metals from Industrial Wastes
by Chemical Vapor Transport

4.1. Introduction

In recent years, a number of new materials, in which rare metal elements play an important
role, have been rapidly advanced. However, the resources of rare metals are usually limited and
unevenly distributed to some particular regions in the world and, hence, their cost and supply have
strongly depended on political circumstances. Consequently, it becomes necessary to recover these
rare metals from various kinds of industrial wastes by profitable methods and to recycle them for
further production of the materials.

For sintered intermetallic compounds for the use of permanent magnet materials, for ex-
ample, a large amount of their sludge is produced in shaping and grinding processes to commer-
cially demanded forms, and the total volume of the sludge sometimes becomes greater than that of
the commercial products. Fly ash produced by a combustion of fossil fuels, especially of fuel oil,
is another type of waste which also contains rare metals such as vanadium and nickel. Hence, the
recovery from those wastes is significant, and some wet processes are currently being developed
[36]. However, a new simple and easy method is desired, since the wet processes always consist of
a series of complicated treatments (see General Introduction).

On the other hand, the chemical vapor transport (CVT) technique described in the previous
chapters seems to be a promising dry process not only for a separation of rare earths but also for
many other metallurgical metal-extraction processes, including metal recycling. In the work pre-
sented in this chapter, the CVT process was applied to rare metal recycling precess from (i) scrap of
rare earth-based intermetallic compounds, SmyCo;7, NdyFe 4B, and LaNis and (ii) a fly ash of a
bitumen-in-water emulsion (Orimulsion™) which has been developed by British Petroleum Com-
pany p.l.c. and Petréleos de Venezuela S.A. in order to commercialize the extra-heavy bitumens
from Venezuelan Orinoco region; the emulsion is of great significance for an alternative energy

source for the future [37].
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4.2. Experimental Details

Materials. The sludges of Sm;Co17 and Nd,Fe 4B type intermetallic compounds were
supplied by Shin-Etsu Chemical Co. Ltd. and used without any pretreatment except for drying
overnight in vacuo at ambient temperature. The ground scrap of LaNis alloy provided by Santoku
Metal Industry was used without any pretreatment. Compositions of the metallic elements, includ-
ing boron in the Nd;Fe 4B, summarized in Table 4.1 were determined by means of X-ray fluorom-
etry. The SmyCo;7 sludge contains some additives (Fe, Cu, and Zr) and also the Nd;Fe 4B (Dy,
Co, Al, Nb, and Mo) in order to improve magnetic properties. These scraps were oxidized to a
certain degree since these contain metallic R, Fe, and Ni which are easily oxidized in the presence
of oxygen or water. Abundances of the oxides in the scraps were 18% (SmyCo;7 sludge), 35%
(NdyFe14B sludge), and 28% (LaNis alloy). (In the case of SmCo;7 scrap, for example, 29.0 mg of
the dried sludge was weighed and analyzed for the contents of five component metals, i.e. Sm, Co,
Fe, Cu, and Zr. If these component metals had been fully oxidized with the most usual oxidation
numbers, Smy03, Co,03, Fe,03, CuO, and ZrO,, in the raw sludge, then the sum of the masses of
these oxides corresponding to the determined molar quantities would be 36.7 mg. On the contrary,
if all of the components had been wholly metallic, then the sum would be 27.3 mg. Therefore the
abundance of the oxides in the SmyCo;7 sludge was calculated as 18%, the ratio of 29.0 mg—27.3
mg to 36.7 mg—27.3 mg.)

The fly ash used for this work was produced during a combustion test by The Kansai Electric
Power Co., Inc. The fly ash is ocherous powder, containing metal elements: V (3.5%), Ni (1.4%),
Mg (7.2%), Al (1.6%), and Fe (0.73%). According to a powder diffraction analysis, the fly ash
contains vanadium, nickel, and magnesium as VOSO4:3H,0, (NH4)2Ni(SO4)2-6H20, and
(NHy)2Mg(S04)2-4H70, respectively [38].

Table 4.1. Composition (wt%) of scrap of rare earth intermetallic compounds used for raw materials
for the chemical vapor transport reaction

Raw material la Nd Sm Dy Fe Co N Cu Zr Al B Nb,Mo
SmyCoq7sludge - - 22 - 15 51 - 52 18 - - -
Nd,Fe4Bsludge - 26 - 2.2 56 33 - - - 1.0 1.0 trace
mixture? - 13 1 1.1 36 27 - 26 09 05 05 trace
LaNig powder 30 - - - - - 64 - - - - -

@ Mixture of Sm,Co47 sludge and NdoFe44B sludge.
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Operation. Details of the apparatus employed for the CVT reaction have been reported in
Chapter 1.

Aluminium chloride (10.0 g), the complex former, was sealed in a Pyrex glass ampule (inner
diameter, 14 mm; length, 10 cm) and loaded into furnace A. The ampule has a small orifice (diam-
eter, 0.3-0.5 mm) in order to generate gaseous aluminium chloride slowly when furnace A is heated.
The scrap or the fly ash was weighed, put on a small carbon or alumina boat (length, ca 8 cm), and
placed at the summit of the temperature gradient in furnace B; the temperature was ca 1050 °C for
the scraps and 300-600 °C for the fly ash. A mixed N and Cl, gases (N3, 30 cm’ min'l; Cly, 5 cm’
min~!) was flowed through the reactor as a carrier gas and a chlorinating agent, respectively. After
the desired temperature gradient was attained by operating furnace B, furnace A was heated over
the temperature range 80-200 °C in order to generate the gaseous aluminium chloride, Al,Clg(g),
the complex former.

The scrap or the fly ash on the boat was heated and directly chlorinated by Cl; gas. The

resulting metal chloride mixture vaporizes according to a simple sublimation,
n MCIL(s, 1) = M,Cl,(g), (4.1)

or vapor complexation with the Al,Clg(g) introduced from furnace A to B by the carrier gas,
MCl,(s, 1) + m/2 Al;Clg(g) = MAL,Cliam(g). (4.2)

(In practice, although a part of the Al,Clg(g) is decomposed into monomeric AICl3(g) at high
temperatures [39], the gaseous aluminium chloride in the present thesis is described as Al,Clg(g)
for the sake of convenience.) The resulting gas phase species were driven with the carrier gas along
the temperature gradient and the metal chlorides (MCly) were deposited at different places in the
reactor tube corresponding to the sublimation and decomposition temperatures of the reverse reac-
tion of eqs. 4.1 and 4.2, respectively.

After the CVT reaction had lasted for 6 h (the scraps) or for 1.5-12 h (the fly ash), the
deposits were collected by removing the 13 pieces of inner tubing. The deposits were then dis-
solved individually into deionized water to determine the compositions of metal chlorides for ev-
ery portion (FN, fraction number) with a wavelength dispersive type of X-ray fluorescent spec-
trometer (Rigaku System 3270A) using Zn>* as an internal standard substance. When the sludge of
Nd,Fe 4B was used as raw material, the boron content of every fraction was determined with an
atomic absorption spectrometer (Nippon Jarrel-Ash AA-8500 mark II) using the absolute calibra-

tion method.
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4.3. Results and Discussion

4.3.1. Recovery from Sm;Coy7 Sludge

Transport Conditions.  Among the five metal chlorides produced by chlorination of the
SmyCo,7 sludge, SmCl3 is most difficult to transport chemically owing to the low volatility of rare
earth chlorides. The CVT reactions under various conditions were tested using the Sm;Coy7 sludge
(1.0 g) as araw material. Six conditions attempted are listed in Table 4.2. The transported amounts
of SmCl3 under these conditions were compared in terms of boat materials, a chlorinating agent,
and a complex former. Reaction time was kept at 6 h for all runs.

First, an alumina boat was utilized to load the sludge. Under condition (i), without using any
complex former, the total amount of transported SmCl3 portion was quite small, while most other
metal chlorides were effectively extracted. On the contrary, under condition (iii), using AICl3 as
the complex former, the amount of transported SmCl; was increased by a factor of 30 (4.0 x 107
mol). This demonstrates the effectiveness of using AlCl3 as the complex former for the CVT of
non-volatile SmCls.

The CVT reaction under condition (i) produced white residue on the alumina boat, which
was analyzed by means of powder X-ray diffraction. The obtained diffraction pattern coincided
with the diffraction pattern for SmOCI [40]. This suggests either that samarium species (Sm and
Sm;03) in the sludge are not fully chlorinated into SmCl3 but into SmOCI in the presence of Cl;

gas, i.e.

Table 4.2. Amount of transported SmClg under various reaction

conditions
Transport Boat Chlorinating Complex Transported
condition material agent former amount
(104 mol)
0] alumina Clo - 0.13
(ii) alumina - ACl5® 1.8
(iii) alumina Cl, AIClg 4.0
(iv) carbon Cl, - 2.0
) carbon Cly AlCl5 5.6
(vi) aluminab Cly AiCly 4.2

a Aluminium chioride also acts as chlorinating agent; see text.
b Active carbon powder (0.20 g) was added to the raw material.
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2 SmyO5(s) + 2 Sm(s) + 3 Cla(g) — 6 SmOCI(s) 4.3)

or that, even if chlorinated into SmCls, the SmCl; immediately reacts with Al,O3, the boat mate-
rial, and forms SmOCI:

SmCI;(s, 1) + Al,O3(s) — SmOCI(s) + 2 AIOClI(s) 4.4

although X-ray diffraction pattern did not show the existence of AIOCl. On the contrary, SmOC1
can react with Al;Clg(g) to directly form the vapor complex without the formation of SmCl3 as an

intermediate, i.e.

2 SmOCI(s) + (n+ 1) Al,Clg(g)
— 2 SmAl,Clz.3,(g) + 2 AIOCI(s) (4.5)

and, hence, the transported reaction took place under condition (iii). In this case, therefore, the
Al,Clg(g) functions also as chlorinating agent. This is supported by the fact that the transport
reaction more or less takes place under condition (i1), in the absence of Cl, gas flow.

In conclusion, the increase in the amount of transported SmCls portion was attributed not
only to a volatility enhancement due to the vapor complexation with Al,Clg(g) but also to effective
chlorination of SmOCI by the Al,Clg(g). Halogenation by gaseous aluminium halides is applied to
the preparation of anhydrous metal halides from corresponding oxides on a laboratory scale [8, 9].

For example, the chlorination of R,0O3 is expressed as

2 Ry03(s) + 3 Al,Clg(g) — 4 RCla(s) + 6 AIOCI(s) (4.6)
and

R203(s) + AlxClg(g) — 2 RCls(s) + Al Os(s). 4.7

According to eqs. 4.5-4.7 the Al,Clg(g) which acts as a chlorinating agent is converted to AIOCI or
Al,O3. The formation of these inert substances against vapor complexation reduces the effective
amount of Al,Clg(g) as a complex former. In order to depress the formation of SmOC]I and the
consumption of AlxClg(g) as chlorinating agent, a carbon boat was used instead of that of alumina.

The carbon boat which itself acts as a deoxidant via the reactions

Smy03(s) + 3 C(s) + 3 Cla(g) — 2 SmCls(s, 1) + 3 CO(g) (4.8)
and

SmOCI(s) + C(s) + Cla(g) — SmCls(s, 1) + CO(g) (4.9)

promotes the chlorination of Sm;03 (or SmOCI) by Cl,. In this case, carbon monoxide (CO),
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carbon tetrachloride (CCly), or thionyl chloride (SOCI,) indeed seem to be effective deoxidizing
agents in attacking oxide and oxychloride, but these are not suitable in view of economy. The
carbon boat is gradually corroded away according to eqs. 4.8 and 4.9 with the progress of the CVT
reaction. From the industrial aspect, however, the use of an exchangeable reactor made of carbon
is economically advantageous rather than the use of expensive materials such as alumina and mul-
lite.

With the carbon boat (condition (v)) the amount of transported SmCl3 portion increased 45
times over the amount transported in condition (i). Furthermore, about 2.0 x 10* mol of SmCls, 15
times as large as that under condition (i), was transported even in the absence of complex former
AICl3 (condition (iv)). On the contrary, addition of active carbon (0.2 g) in the alumina boat
instead of using the carbon boat (condition (vi)) is also effective in chlorinating the sludge. These
results suggest that the use of the alumina boat reduces the transported amount of SmCl3, owing
presumably to the reaction of SmCl; with Al,O3 as eq. 4.4. Based on the results, condition (v) was
adopted as the transport condition for further investigation of the recovery characteristics unless

otherwise indicated.

Recovery of Samarium and Cobalt. Figure 4.1 shows deposition profiles for transported
SmCl3 and CoCl; portions against the fraction number (FN), together with the operated tempera-
ture gradient. The amount of SmCl; deposit peaked at FN =3 (approximate temperature range,
960-1000 °C), while CoCl; peaked at FN =11 (520-700 °C). The CoCl, was obtained as anhy-
drous blue plates.

The CVT reaction lasted for 6 h and the yield of CoCl; calculated as eq. 3.6 was more than
99.9% whereas that of SmCl; was 59%. This is attributed to the fact that the formation reaction of
vapor complexes RAl,Cls,3, is generally slow to equilibrate [14]. Figure 4.1(c) shows the profiles
of purities of SmCl3 and CoCl, represented in mole percent against the sum of the molar quantities
of deposited elements, i.e. Sm, Co, Fe, Cu, and Zr. The chlorides SmCl; and CoCl; were concen-
trated up to 99.5 mol% and 99.1 mol% at FN=3 and FN =11, respectively.

Since the sublimation temperature of CoCl; is relatively low at about 500 °C, the CoCl,
formed by the chlorination of the sludge was transported and condensed at FN =11 even without
the complex former, AICI; (condition (iv)). Under this condition, however, a contamination with
CuCl; (or CuCl) was significant for FN = 11; the purity of CoCl, (FN=11) was lowered at 98.4
mol%. Consequently, the transport condition (V) is also suitable for the recovery of CoCl, as well

as the case of SmCls.
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Figure 4.1. (a) Temperature gradient and distribution of SmCls and CoCl, deposits repre-
sented (b) in moles and (c) in mole percent. Raw material was dried Sm2Co47 sludge (1.0 g)
containing Fe, Cu, and Zr as additives; complex former was AlCl3 (10.0 g); mixed N2 and Cio
gases (N2, 30 cm® min~; Clp, 5 cm® min~") was flowed as carrier; reaction time was 6 h.
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Deposition of Other Metal Chlorides. The vapor pressure of iron chloride or its complex
with AlCl3 is high below 350 °C. Therefore, 99.4% of transported iron chloride (FeCl; or FeCly)
was condensed at FN =13 as well as AlCl3, and was not contaminated with recovered SmCl;z and
CoCl,. Copper chloride (CuCl; or CuCl) was also condensed at FN = 13 under condition (v).
However, as mentioned above, copper chloride was most concentrated at FN =10 (700-815 °C)
owing to the low volatility of copper chloride itself under condition (iv). Zirconium chloride (ZrCly)

was condensed at FN = 13 under any transport condition at the sublimation temperature of 331 °C.

4.3.2. Recovery from Nd;Fe4B Sludge

Recovery of Neodymium and Dysprosium.  Figure 4.2 shows deposition profiles for an
RCl; mixture (R =Nd, Dy) and FeCl; (or FeCly). The temperature gradient operated was the same
as in Fig. 4.1(a). The recovered amounts of rare earths were maximized at FN =3. The purity of
rare earth chloride mixture in this fraction was 98.4 mol%. Although NdCl; and DyCl; were
recovered as the mixture, the mole ratio of Nd/Dy at each fraction increased with increase in its
temperature range (see Fig. 4.2(b)). In other words, NdCls is more concentrated in the fractions of
higher temperatures. This is because the volatility of RAIl,Cl3,3, complexes with smaller rare earth
ions was generally larger than those with larger rare earth ions (see Chapter 1) and, hence, the
heavier rare earth chlorides, DyCls in this case, tend to deposit at low temperature fractions. Appli-
cation of a multiple CVT reaction employed for mutual separation of the PrCl3-SmCl; binary Sys-
tem (Section 1.3.3) may make it possible to improve the purity of recovered NdCls. Alternatively,
if the recovered rare earths are used for the processing of the same matertal (Nd;Fe 4B in this case),
the mutual separation of NdCl3 and DyCl3 may not be required.

Under transport condition (v) the yields of NdCl; and DyCl; were 39% and 68%, respec-
tively, while under condition (iv) they were 34% and 59%. It is worth noting that the difference in
the amount between the two conditions was smaller than the difference for transported SmCl;
when Sm;Co;7 sludge was used as raw material: 28% under condition (iv) and 59% under condi-
tion (v). This means that the FeCl; formed by chlorination of NdFe 4B sludge also acts as a
complex former and that the rare earth chlorides are effectively transported in the absence of AlCL.
However, purity of recovered rare earths was not so good, 91.1 mol% (FN = 1) at the most, without
AlClI;.

Deposition of Other Metal Chlorides.  More than 99.9% of FeCl; (or FeCl,) and AlCl3
were deposited at FN = 13. Further, CoCl; was also condensed at FN = 13 for the most part (98.9%)
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Figure 4.2. (a) Distribution of RCl3 mixture (R = Nd and Dy) and FeCl3s deposits and (b)
relationship between molar ratio Nd/Dy and fraction number. Raw material was dried Nd>Fe14B
sludge (1.0 g) containing Co, Al, Nb, and Mo as additives; complex former, carrier gas, and
reaction time were as in Fig. 4.1.

while CoCl, was recovered in high purity at FN =11 when SmCo;7 sludge was used as raw
material. This difference is attributed to the “recrystallization effect” mentioned below.

The chlorides of boron and niobium were selectively deposited at FN = 13. Molybdenum
was not detected from any fractions because the content in the sludge was quite small. However,
the molybdenum should also deposit at FN =13 as chloride considering the fact that the gaseous
complexation between MoCls and AlICl3 does not occur [3a, 41] and that the boiling point of MoCls
is low at 268 °C.

4.3.3. Recovery of Rare Earths from a Mixed Sludge

Sludge is not always in a “pure” state, which is produced in the shaping process of a single
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Figure 4.3. (a) Distribution of NdCl3, SmCls, and DyCl3 deposits and (b) relationship between
mole ratios Nd/Dy, Sm/Dy, and Nd/Sm and fraction number. Raw material was mixture of
dried SmyCo17 sludge (0.50 g) and NdoFe14B sludge (0.50 g) containing some additives as in
Table 4.1; complex former, carrier gas, and reaction time were as in Fig. 4.1.

material. It is probable that many kinds of sludge produced from various materials are mixed
together. In order to demonstrate the recovery from sludge in an “impure” state, the CVT reaction
of a 1/1 mixed sludge of SmyCo;7 (0.50 g) and Nd,Fe 4B (0.50 g) was demonstrated.

Figure 4.3 shows the deposition profiles of NdCl3, SmCl3, and DyCl; along the temperature
gradient together with mole ratios of Nd/Sm, Sm/Dy, and Nd/Dy, that is the ratios of lighter and
heavier rare earth element. Although the rare earth chlorides were recovered as a mixture by only

one CVT operation, lighter elements of each pair were always concentrated in the fractions of the
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high temperature zone just as observed in the recovery from NdyFe 4B sludge. The slope of the

molar ratio curves decreased in the order Nd/Dy > Sm/Dy > Nd/Sm. This indicates that the rare

earth pairs for which atomic numbers are close to each other are difficult to separate mutually.
Deposition profiles of other metal chlorides were similar to the case of SmyCoy7 or NdFe 4B

sludge treated independently as the raw material.

4.3.4. Deposition Temperature of CoCl, — a “Recrystallization Effect”

When Sm;Co;7 sludge was transported under condition (v), 63% of total transported CoCl,
was recovered from FN= 11 (520-700 °C) in high purity. However, when Nd,Fe 4B sludge, which
contains a small amount of cobalt as an additive (see Table 4.1), was transported under the same
condition, 98% of the CoCl, was selectively deposited at FN =13 (below 350 °C). This difference
in deposition temperature of CoCl; is interpreted as follows. The CoCl,, whose volatility is higher
than those of RCl3, is vaporized according to a simple sublimation process expressed as eq. 4.1. On

the contrary, CoCl, is known to form more volatile vapor complexes with Al,Clg(g) [3a] as
CoCly(s, 1, g) + n/2 Al,Clg(g) = CoAl,Clyi34(g). (n=1-3) (4.10)

At the temperatures around FN = 11, partial pressure of CoAl,Cly43,(g) complexes is larger than
that of free Co,Cl,,(g) in the presence of excess amount of complex forming Al,Clg(g). When the
SmyCoy7 sludge was used as the raw material of the CVT reaction, cobalt species in the boat are in
excess against the complex former. Therefore, a large portion of cobalt species is transported via
Co,,Cly,(g) and CoCly(s) deposits at FN=11 corresponding to the sublimation temperature of CoCly,

ca 500 °C. However, when Nd,Fe 4B is the raw material, the situation is reversed and the complex

Table 4.3. Amount of deposit of CoCl, at FN = 11 (700-520 "C) and 13
(below 350 °C)

Raw material Chlorinating Complex Condensed amounts
(1.09) agent former (1075 mol)

FN=11  FN=13

SmyCo47 sludge Cly - 479 5.42
SmyCo47 sludge Cly AICl5 362 163
mixture? Cly - 19.2 186
NdoFe 4B sludge Cly AICl5 2.44 9.05
NdoFe 4B sludge Cly AlCl5 0.02 28.1

@ Mixture of Sm,Co47 sludge and NdyFe 4B sludge.
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former is in excess, since the content of cobalt as one of the additives in the sludge is small (3.3
wt%; see Table 4.1). Hence, the majority of cobalt vapor species, Co,Cly,(g), which volatilize
from the raw material, react with Al,Clg(g) vapor during the transportation by the carrier gas to
form the stable vapor complex CoAl,Cly43,(g) and, finally, deposit at FN =13. In this case in
particular the proportion of the condensed amount of CoCl; at FN = 13 to the total transported
amount was quite high (98%) since FeCl; also acts as a complex former as mentioned above.

Table 4.3 summarizes amounts of CoCly(s) deposited at FN= 11 and 13 under various CVT
reactions for 6 h. Total amount of complex former (AlCl; and FeCl3) increases with the order (up
to down) in Table 4.3. The proportion of CoCl; deposited at FN=13 is increased in the same order.
When SmyCoy7 sludge was transported under condition (iv), for example, which is the reaction
where there are scarcely any compounds acting as a complex former, the deposition at FN =13
hardly took place.

We can compare this operation of removing the impurity, cobalt in this case, from rare earth
by the vapor complexation with a complex former with a purification technique by means of re-
crystallization. The former technique is based on a gas-solid equilibrium, the latter on a liquid-
solid equilibrium. If one looks on the gaseous AlCl; (or FeCls3) as a “solvent” for the recrystalliza-
tion technique, the formation of vapor complexes and the transportation along a temperature gradi-
ent correspond to the dissolution of a solute in a heated solvent and cooling the solution, respec-
tively, because both techniques take advantage of difference in affinity between plural chemical
species: the former is between metal chlorides and a complex former and the latter solutes and a

solvent.

4.3.5. Recovery of Lanthanum and Nickel from LaNis Scrap

When a powder of LaNis alloy (0.50 g) was used as a raw material for the CVT reaction
under condition (v), recovery of the two rare elements, La and Ni, was also effectively performed.
As shown in Fig. 4.4, they were obtained as anhydrous chlorides and provided deposition profiles
with peaks at FN=3 and FN=11. Purities of the chlorides were more than 99.9 mol% in these
fractions.

However, the yield of LaCl3 (27%) after reaction for 6 h is lower than that for NdCl3 (39%),
SmCl3 (59%) and DyCls (68%) when SmyCoy7 or Nd;Fe4B were used as raw because the vapor
complex LaAl,Cl3,3,(g) containing the largest ionic radius element, lanthanum, among rare earths

is the most difficult to form (see Section 1.3.2).
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Figure 4.4. Distribution of LaClz and NiCl, deposits. Raw material was ground LaNis alloy
(0.50 g); complex former, carrier gas, and reaction time were as in Fig. 4.1.

4.3.6. Recovery of Rare Metals from a Fly Ash of Bitumen-in-Water Emulsion

Recovery of Vanadium by Chlorination.  On chlorination the fly ash above 500 °C, the
vanadium component was extracted thoroughly and condensed in FN = 13 (ca 80 °C) without using
the complex former, Al,Clg(g). The chlorination of vanadium in the ash presumably gives low
boiling compounds, VCly (b.p. 149 °C) and/or VCI30 (b.p. 127 °C), since other vanadium chlo-
rides or oxychlorides are non-volatile or not stable in the temperature range of < 600 °C. Table 4.4
shows the yield of vanadium under several reaction conditions. The vanadium was extracted al-
most completely above 500 “C within 6 h. However, the chlorination at 600 °C brought the vana-
dium contaminated by iron chloride (FeCl3) which also deposited around FN=13. On the other

Table 4.4. Yield (%) of vanadium when fly ash of
bitumen-in-water emulsion was treated with Cl, gas

Reaction Yield after reaction for
temperature ('C)

1.5h 3h 6h 12 h

600 94 ~100 ~100 ~100
500 - 92 ~100 ~100
400 - - 78 ~100
300 - - - 12
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hand, high purity vanadium chloride (or oxychloride) was obtained when chlorinated at 500 °C,

since FeCl3 did not evaporate in this temperature.

Recovery of Nickel and Magnesium via Vapor Complexes.  Though nickel and magne-
sium in the ash were chlorinated, the yields of these metal chlorides were low without using the
Al Clg(g), because the chlorides of nickel and magnesium are less volatile than vanadium chloride
(or oxychloride). Only 27% and < 0.1% of NiCl, and MgCl, were extracted, respectively, when
the ash was treated with Cl, gas at 600 °C for 12 h. In this case, however, the use of Al,Clg(g)
improved the yield of these chlorides, since the Al,Clg(g) reacts with the chlorides providing the
volatile complexes, NiAl,Clg(g) [42] and MgAl,Clg(g) [43]. The yield of nickel and magnesium
increases with the increase of reaction temperature and time as summarized in Table 4.5. It is
noteworthy that the yield of MgCl; becomes larger than that of NiCl, when the Al,Clg(g) is used,
suggesting that the effect of vapor complexation on transport reaction is more pronounced for
MgCl, than that for NiCl,. This is in accordance with the Dewing’s results on the volatility of
divalent chlorides in the presence of AlCl3 [43], where MgAl;Clg(g) is more volatile than NiAl>Clg(g)
at the same temperature and the pressure of Al,Clg(g).

Figure 4.5 shows the deposition profile of nickel, magnesium, and vanadium chlorides to-
gether with the temperature gradient in Furnace B. When a linear (16 °C cm™}) temperature gradi-
ent (see Fig. 4.5(a)) was used, the deposition profile of the NiCl, (FN = 6-9, 400-210 °C) was
overlapped with that of MgCl, (FN = 6-11, 400-170 °C). Consequently, the purity of recovered
NiCl, was 6.5% even by the treatment at 600 °C for 12 h. However, a slight difference between the

temperatures of two deposition maxima, i.e. ca 400 °C for NiCl; and ca 360 °C for MgCly, suggests

Table 4.5. Yield of extracted metal elements when fly ash
of bitumen-in-water emulsion was treated with Cl, and AICl3

Reaction Reaction Yield (%)
temperature ('C) time (h)
Ni Mg
600 12 ~100 67 91
6002 12 ~100 27 <0.1
600 6 ~100 42 61
500 12 ~100 50 79
400 12 97 <0.1 11

aWithout using complex former AICI3.
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Figure 4.5. (a) Two types of temperature gradient and distribution of nickel, magnesium, and
vanadium chlorides (oxichlorides) when transported along (b) linear and (c) stepwise tem-
perature gradients. Raw material was fly ash of bitumen-in-water emuls;on (0.50 g); complex
former was AICl3 (10.0 g); mixed Nz and Clz gases (Na, 30 cm?® min~'; Clp, 5 cm® min~!) was
flowed as carrier; reaction time was 12 h.

that the mutual separation of the NiCl; and MgCl, is possible by employing a temperature gradient
with a constant temperature zone around these temperatures. The deposition profile along the

temperature gradient with the constant temperature zone of 410 °C (see Fig. 4.5(a)) is shown in Fig.
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4.5(c). Under this reaction condition no deposition of the chlorides was observed around the con-
stant temperature zone (FN =7, 8) and, hence, the whole deposits can be divided into two parts: Ni-
rich portion (FN =2-6) and Mg-rich portion (FN=9-13). Although the yield of NiCl, was lowered
(46%), the purity of NiCl, in the Ni-rich portion was nevertheless improved to 78%.

When the Al,Clg(g) was used, MgCly, FeCls, and AlCI; (the complex former) also deposited
at FN = 13 and, therefore, the recovered vanadium has a low purity. Consequently, the simple
chlorination by Cl, seems to be appropriate as for the vanadium recovery from the ash. To con-
clude above, the most appropriate flowsheet for recovering the vanadium, nickel, and magnesium
from the fly ash is: (i) chlorination of the fly ash by Cl, gas at 500 °C to obtain vanadium from the
fraction at ca 80 °C; (ii) heating the residual mixture at 600 "C to remove the FeCls; (iii) introduc-
tion of the Al>Clg gas to transport the NiCl, and MgCl, by the CVT reaction along the temperature
gradient with the constant temperature region at 410 °C. The reaction time of each reaction (i)—(ii1)

depends on the quantity of the fly ash treated.
4.4. Conclusions

The recovery of rare metals was conducted effectively using the CVT process mediated by
vapor complexes in metal halide systems. Rare earths, cobalt and nickel of almost 100% purity,
were obtained from Sm;Co;7, NdoFe 4B, and LaNis scraps through only one process. The ob-
tained anhydrous rare earth chlorides can be converted directly to corresponding rare earth metals
again, which are recycled to use for further processing of rare earth intermetallic compounds.

On the other hand, the recovery of nickel and vanadium in a fly ash of bitumen-in-water
emulsion, as a new fuel, was also successfully carried out. Vanadium component in the fly ash was
thoroughly recovered by chlorination at 500 °C within 6 h, whereas nickel and magnesium were

extracted via vapor complexes with AlCl3 at 600 °C.
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Chapter 5

Vapor Pressure and Structure of the RCI3-KCl Vapor Complex

— a High Temperature Mass Spectroscopic Study of the Vapor
over the RCl3-KCl Equimolar Melt (R =Nd, Er) —

5.1. Introduction

Various kinds of metal halides form halogen-bridged vapor complexes with other volatile
halides such as aluminium, iron, and alkali halides [1-7]. The vapor complexes of the rare earth
halides with alkali halides have been well investigated for the iodide systems, because the iodide
systems are important for high intensity metal halide lamps; some lamps using the Scl3-Nal and
DylI3-NdI3-CsI mixtures have already been manufactured commercially. Recently, the iodide sys-
tems have been systematically investigated by means of Knudsen effusion mass spectrometry [1,
44]. On the other hand, though volatile chloride complexes, ARCly(g) (R = rare earths, A = alkali
metals), are also known to form [7], study of the chloride complexes using the mass spectroscopy
is rather limited [5b, 45]. Vapor complexes of the RCl3-ACl system have been applied for a high
temperature extraction and separation process for rare earths using a chemical vapor transport
reaction (see Chapters 1-4).

In the work presented in this chapter, the vapor species over the NdCl3-KCl quasi-binary
melt were investigated at high temperatures up to 1273 K, which is a usual operating temperature
for the chemical vapor transport of rare earths, by means of the Knudsen effusion mass spectros-
copy, and the vapor pressures of the gaseous species were estimated. Furthermore, a qualitative
observation of the vapor over the ErCI3-KCl quasi-binary and the NdCl;-ErCl;-KCl quasi-ternary

melts was carried out using the method.
5.2. Experimental Details

High purity anhydrous NdCls and ErCl3 (Shin-Etsu Chemical Co. Ltd.) were used without
any pretreatment. Potassium chloride (Wako Chemical, 99.9%) was dried by heating at 773 K in
vacuo for 12 h. All chemicals were handled in an argon filled glove box. These chlorides were

weighed, well mixed with an agate mortar and a pestle, and loaded in a cylindrical molybdenum
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Figure 5.1. Layout of mass spectrometer equipped with Knudsen cell.

Knudsen cell (inner diameter, 10 mm; length, 19 mm) which has an orifice of 0.5 mm diameter.

The apparatus for recording the mass spectra consists of a quadrupole mass spectrometer
with a cross-beam ion source and the molybdenum Knudsen cell (see Fig. 5.1). The cell was
placed in an ultrahigh vacuum chamber (ca 10°-107'° Torr). The chamber was evacuated by a
turbo molecular pump with a rotary pump and baked for two days. An ion pump was then operated
to evacuate the chamber; then the cell was heated by an rf generator up to 673 K in order to degas
the sample. The temperature of the cell was measured with both a thermocouple and an optical
pyrometer. |

Gaseous species effusing from the cell were ionized by electron impact at an electron energy
of about 15 eV; the energy was calibrated by a known ionization potential of neutral species. A
shutter installed between the cell and the ion-source was used to distinguish the effused gas from
residual gases. The partial pressure, p(i), of species i at the temperature, T, was determined in a

usual manner, based on a relation,

) LT
p) = Xk —i()— (5.1)
J O'(l)}ﬁ AE]'
where k is the proportionality constant, I(7) the intensity of the ions j which were generated from

the species i, o(i) the relative ionization cross section, ¥ the multiplier gain of the detector for the
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ions j, and AEj the difference between the appearance potential for ions j and the energy of an
impacted electron. The ionization cross sections for monomeric species, KCI and NdCl3, were
computed by taking the sum of Mann’s atomic cross section [46] of the component atoms, while
those for complexes, K,Cl, and KNdCly, were calculated as 0.75 times the sum of those for mono-
mers [47]. The multiplier gain of the detector was obtained from a calibration curve.

The proportionality constant, k, was obtained from the comparison of the p(KCl)zlp(KzClz)
ratio over pure KCl solid with equilibrium constant for the K,Cly(g) = 2 KCl(g) reaction obtained

from the thermodynamic data [33]:
Kp/atm = p(KCD*p(K,Clp) = 1115708 exp (219917 7). (5.2)

On ionizing at an electron energy of 15.0 eV, the ions K*, KCI*, and K,CI* were observed, whereas
K,Cl," ion was not found. This is explained on the basis of a general rule that M,,X,,_;" ions are
formed preferentially with large relative abundances on ionizing metal halides M,,X,,(g) by elec-
tron impact [1]. The fact that the appearance potentials obtained by means of extrapolated voltage
difference method [48] were 9.0, 8.4, and 9.4 eV for K*, KCI*, and K,Cl1*, suggested that the ion
K* does not originate from metallic K(g). Both the K* and KCI* ions were assigned to KCI(g),
while K;CI* was assigned to the K,Cly(g) dimer in analogy with other mass spectrometric studies
on the vapor over alkali halide-containing melts [1b]. A mean value of the k£ from measurements at

various temperatures was (1.72%£0.15) x 10712 atm K.
5.3. Results and Discussion

5.3.1. The NdCl3-KCl Binary System

Vapor Species over the NdCI3-KCI Melt. On ionizing at an electron energy of 13.8 eV, five
ions: K*, KCI*, K,C1*, NdClL,*, and KNdCl3*, were observed over the NdCl3-KCl equimolar melt.
Table 5.1 lists the intensity of each ion. In this case, molecular ions such as K,Cl,*, NdCl3*, and
KNdCls* were not found. The appearance potentials were as follows: 9.0 eV (K*); 8.4 eV (KCI");
9.4 eV (K,Cl%); 10.8 eV (NdC1,*); 10.1 eV (KNdACl3"). The appearance potential of KNACl3* was
almost the same as that of a similar complex ion NaGdCls* (10.1+0.5 eV) reported by Ciach et al
[25]. Tonization efficiency curves of the five ions did not exhibit any irregular threshold.

Consequently, the KCI™ ion was considered to originate from KCI(g), while the K,CI*, NdCl,",
and KNdCl3* ions were assigned to K,Cl, NdCls, and KNdCl, species, respectively, according to

the general rule mentioned above. Based on the rule and the result for pure KCl, it seemed natural
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Table 5.1. lon intensities determined upon investigating the vapor over the NdCI,-KClI
equimolar melt

T(K) Ix+ Iker Ikslixerr  Ik,or INdgc,* IkNdCl,*
1018 6.0x 102 2.8x10 22 2.0
1037 1.0x 103 4.2x10 25 4.0
1063 2.0x 103 7.4%x 10 26 4.7
1063 2.1%x103 7.6x10 27 4.7
1093 4.0x103 1.3x102 30 8.6 9.9
1113 6.7x103 2.0x 102 33 1.4x 10 1.2%x10
1143 1.0x 104 2.8x 102 35 1.9%x10 1.8%x 10 5.5
1169 1.6x 104 3.6x102 44 2.7%x10 2.6x10 1.1x10
1198 2.3x 104 4.8x102 47 3.8x 10 3.2x10 1.2%x10
1223 3.2x 104 6.5x 102 49 5.2x10 3.9x10 1.9%x10
1256 4.8x10%  9.2x102 53  7.8x10 5.9% 10 2.3x10
1273 5.8x 104 1.1x103 55 8.3x 10 8.6x10 2.9%10
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Figure 5.2. Partial pressures of gaseous species over the NdCl3-KCI equimolar melt as a
function of the reciprocal temperature.
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that the K* ion was assigned to KC1. However, the intensity ratio Ix+/Ixci+ largely increases with
the increase of the temperature (see Table 5.1), suggesting K* was generated not only from KCl,
since the ions originating from the same neutral molecule generally show the same temperature
dependencies [1]. Therefore, the K* ion was considered to originate also from another K-contain-
ing species, KNdCly.

The intensity of K* ion, Ix+, in Table 5.1 was divided into that from KClI, Ix+(KCl), and that
from KNdCly complex, Ix+(KNdCly), in the following manner. First, the Ix+(KCl) values were
calculated from the intensities of KCI* and K,Cl* ions, Ixci+(KCl) and Ix,c1+(K2Clp), by using
egs. 5.1 and 5.2, assuming that the proportionality constant, k, and the equilibrium constant, K}, of
the reaction K;Cly(g) = 2 KCl(g) are the same as those obtained for the measurement of pure KCl.
Then, resulting Ix+(KCl) values were subtracted from Ig+ values to obtain Ix+(KNdCly) values:
Ix+(KNdCly) = I+~ Ixg+(KCl).

The equilibrium partial pressures of KCI(g), KoClx(g), NdCIs(g), and KNdCls(g) are shown
in Fig. 5.2 as a function of reciprocal temperature. The pressures are represented in egs. 5.3-5.6 for

the temperature range between 1018 and 1273 K:

log[p(KCl)/atm] = —(9.09+0.11) x 10°T ! + (3.53£0.03), (5.3)
log[p(K>Cly)/atm] = —(8.62+0.23)x 10°T~! + (1.02£0.05), (5.4)
log[p(NdCl3)/atm] = —(7.45+0.35)x 10°T~! + (0.09+0.04), (5.5)
log[p(KNdClg)/atm] = —(11.1£0.4)x 10T~ +(5.21 £0.10). (5.6)

The pressures of KCI(g), NdClz(g), and KNdCl4(g) at 1273 K, which is a usual reaction tempera-
ture for the rare earth separation process using vapor complex formation (see Chapters 1-4), were
2.5x 107, 1.7 x 107, and 3.1 x 10~ atm. This means that the rate of vaporization of K-containing
species is almost twice as fast as that of Nd-containing ones, since the pressures of KCl(g) and
KNdCly(g) are nearly equal to each other. Therefore, composition of the KCI-NdCl; melt gradu-
ally shifts to a NdCls-rich side during keeping at high temperatures. This phenomenon was ob-
served also during the rare earth separation process using the RCI3-KCl (R =Pr and Nd; Pr/Nd =
1/1) equimolar mixture as a raw material; here the change of the composition lowered the transport
efficiency of RCl3 (see Section 2.3.2(3)). In other words, the deviation of the melt to a NdCls-rich
side lowers the vapor pressure of KNdCl(g).

Since the NdCl3-KCl mixture is expected to be molten completely above ca 820 K [49], the
log p(i) vs 1/T plot should be linear for all vapor species. However, the vapor pressure curve of

KNdCly(g) displayed slight upward curvature. One reason for such curvature is that the vapor
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Figure 5.3. Vapor pressure of NdClz(g) over pure NdClj3 solid and liquid as a function of the
reciprocal temperature.

species in the cell might not be completely equilibrated. In order to attain equilibrfum, however,
the cell temperature was monitored by both thermocouple and pyrometer and kept constant for
about 10 minutes before each measurement. The author did not tfy to keep the cell temperature for
a longer time, because, as mentioned above, the composition of the sample is changing every

moment at high temperatures.

Volatility Enhancement of NdCl3 by Forming KNdCl,(g) Complex. = Vapor pressure of
NdCls(g) over a pure NdCl; is also measured by the same operations. The pressures over pure

NdCl;5 solid (947-1030 K) and liquid (1039-1268 K) are represented as follows:

log[p(NdCl; over solid)/atm]
= —(15240.6)x 10°T! + (8.79+£0.05), (5.7)
log[p(NdCl3 over liquid)/atm]
= —(12.5£0.2) x 10°T 1 +(6.30 £ 0.06). (5.8)
These vapor pressures are the same level as those measured by means of other techniques [23, 50,

51] (see Fig. 5.3). »
The overall concentration of the neodymium in the vapor phase over the NdCl3-KCl equimo-

lar melt, that is the sum of the p(KNdCly) (eq. 5.6) and p(NdCls) (eq. 5.5), was compared with the
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vapor pressure of NdCl3(g) over pure NdCl; (egs. 5.7 and 5.8), as shown in Fig. 5.4. Around 1273
K, the concentration of the neodymium over the NdCI3-KCl melt is almost equal to NdCls(g)
pressure over the pure NdCl3 liquid. Therefore, volatility enhancement of the NdCl3 by the forma-
tion of the vapor complex was not so large. On the contrary, the volatility enhancement becomes
remarkable at lower temperatures, below the melting point of NdCl;3 (ca 1030 K). According to the
extrapolation of the log p(i) vs 1/T plots, the volatility enhancement is estimated to be 31 at 823 K,
above which the NdC13-KCl equimolar mixture is completely molten [49]. The phenomenon of the
volatility enhancement can be expressed qualitatively as follows. Coordination of CI™ ion around
Nd** ion in pure NdClj3 solid and liquid are nine [52] and six [53], respectively, while Nd>* in
NdCls(g) has a 3-fold coordination. Therefore, the vaporization of pure NdCl3 needs to overcome
three to six Nd—Cl bonds. On the other hand, the Nd3* ion in the NdCl3-KCl equimolar melt has 6-
fold coordination [53], while KNdCl4(g) complex contains Nd** coordinated by four CI” ions (see
below). Hence, on vaporization of the KNdCly(g) from the melt, fewer Nd—Cl bonds, i.e. two Nd—
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Figure 5.4. Comparison of vapor pressures of Nd-containing species over the NdCl3-KCl
equimolar melt, pure NdCl3 liquid, and pure NdCls3 solid.
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Figure 5.5. Relationship between equilibrium constant of some reactions and the reciprocal
temperature in the NdCl3-KCl quasi-binary system.

Cl interactions, need to be broken. At higher temperatures around 1200 K, it becomes easy even
for pure NdClj3 to obtain enough energy to overcome Nd—Cl bonds; thus, the volatility enhance-

ment is decreased. The enhancement increases with decrease in temperature are generally ob-

served for many complex forming halide systems.

Evaluation of Thermodynamic Functions. = Second-law enthalpy changes, AH ‘7, of the

reactions,
KNdClg(l) = KNdACl4(g), (5.9
KNdCly(g) + KCl(g) = NdCls(g) + KoCla(g), (5.10)
and
KNdCls(g) = KCl(g) + NdCls(g), (5.11)

were evaluated from the slope of log K}, vs 1/T plot (Fig. 5.5) for each reaction. The mean enthalpy
changes of the reactions 5.9-5.11 at 1198-1273 K were calculated as 168 £4 kJ mol ™!, —10+21 kJ
mol™!, and 17321 kJ mol ™, respectively. Novikov et al obtained a rather bigger enthalpy change
of reaction 5.11, AH 1350k = 247 + 17 kJ mol ™!, by a calculation from overall composition and
pressure [19a). However, the reason of the difference cannot be explained, since these authors did

not give detailed calculations.
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It is noteworthy that the enthalpy change of isomolecular exchange reaction 5.10 is near zero,
suggesting that no drastic structure change takes place through the reaction. According to electron
diffraction measurements, the K,Cl,(g) and NdCl3(g) molecules are known to have Dy-type square
and Cs,-type pyramidal structures, respectively [54]. Therefore, the most plausible structure of
KNdACly(g) is Cy,-type structure as shown in Fig. 5.6, since only a NdCl;3 unit with C3, symmetry is
“replaced” by a linear KCl unit from left- to right-hand side of the reaction 5.10.

This Cy,-type structure of KNdCly(g) is supported by an enthalpy change of reactions 5.10
and 5.11 deduced from Hastie’s empirical rule [5a] for dissociation energy. According to the rule,
dissociation energy of M-CIP bond, D(M—CIP), is 0.6+ 0.04 times that of M—CI' bond, D(M—CI%),
where CI° and CI! represent bridging and terminal chlorine atoms, respectively. Then, the enthalpy

changes of reactions 5.10 and 5.11 were expressed as

AH’(eq. 5.10)
= [2 D(Nd~C1Y) + 2 D(Nd—CIP) + D(K-C1") + 2 D(K-CIP)]
— [3 D(Nd-C1Y) + 4 D(K—CI?)]
[2 D(Nd—CIY + 2 X 0.6 DINd—CI) + D(K—CI) + 2 x 0.6 D(K—CI"]
—[3 D(Nd—CI") + 4 x 0.6 D(K-CIY]
= 0.2 D(Nd-CI%) - 0.2 D(K-CIY, (5.12)

and

AH(eq. 5.11)

[2 D(Nd-CIY) + 2 D(Nd-CI?) + 2 D(K~CIP)]
—[3 D(Nd-CIY + D(K~C1H]

[2 DINd-C1Y) + 2 x 0.6 D(Nd-CI") + 2 % 0.6 D(K—C1Y]
—[3 D(Nd—CIY + D(K-C1H]

1l

=02 D(Nd—Clt) +0.2 D(K—Clt). (5.13)
Cl Cl
/N wCli Cl cl 7\
K. Nd<g N N\ .acl kDK
/ Cl K Nd /
Nei o Ny
Gy, Gy D;y,

Figure 5.6. Structure model for KNdCl,(g) complex deduced from structures of K>Clo(g) and
NdCls(g) together with a relatively small enthalpy change of an isomolecular exchange
KNdCl4(g) + KCl{g) = NdCl3(g) + KoClo(g).
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From the dissociation energies of K—CI' and Nd—CI, i.e. D(K—CI%) = 425 k) mol~! and D(Nd—Cl") =
464 kJ mol™! [33, 55], the AH (eq. 5.10) and AH(eq. 5.11) are calculated as 8 and 178 kJ mol ™!,

which almost agree with the above experimental values, — 10+24 and 173 £21 kJ mol L.

5.3.2. The ErCl3-KCl Binary and the NdCl3-ErClz-KCl Ternary Systems

On ionizing at an electron energy of ca 15 eV, six ions, K*, KCI*, K,Cl*, ErCl,*, ErCls*, and
KErCls*, were observed over the ErCl3-KCl equimolar melt. However, the sample in the Knudsen
cell was exhausted much faster than the case of the NdCl3-KCl mixture, and quantitative measure-
ments up to 1273 K were impossible. This phenomenon agrees with the fact that vapor complexes
containing rare earth with larger atomic number, or with smaller ionic radius, have higher volatility
(see Chapters 1 and 3).

Vapor over the NdCl3-ErCl3-KCl (Nd/Er/K = 1/1/2) ternary melt was also investigated. These
ions: K*, KCI*, K,CI*, RCl,*, RCl3*, and KRCl3* (R = Nd, Er), were observed. In this case,
intensities of Er-containing ions diminished much faster than those of Nd-containing ones, also

indicating the larger volatility of the KErCls(g) complex.
5.4. Conclusions

Vapor over the NdCl3-KCI equimolar molten mixture was investigated at 1018-1273 K by
means of Knudsen effusion mass spectrometry. The vapor species KCl, K>Clp, NdCl3, and KNdCly
were present in the vapor over the melt and their vapor pressures were evaluated. Volatility en-
hancement of Nd-containing species by the formation of the vapor complex KNdCly decreases
with the increase of temperature. Enthalpy change of the isomolecular exchange KNdCly(g) +
KCl(g) = NdCl3(g) + K»Cly(g) was relatively small, — 10£21 kJ mol ™!, suggesting that the struc-
tural change of the reaction is not drastic and the KNdCly(g) complex has a C,,-type configuration.
Qualitative observation of the vapor over the ErCl3-KCl and NdCl3-ErCl3-KC1 mixtures where

R/K = 1/1 suggested that Er-containing species vaporize much faster than Nd-containing ones.
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Chapter 6

Structure of the (R = Nd, Gd) RCl;3-AICl3 Vapor Complex, Liquid, and Solid

— a High Temperature Raman Spectroscopic Study —

6.1. Introduction

It has been established [1-6] that the volatility of rare earth chlorides apparently increases in
the presence of aluminum chloride by several orders of magnitude due to gas-solid reactions lead-
ing to the formation of vapor complexes. These reactions are of importance for developing indus-
trial separation and extraction processes as described in Chapters 1-4. At relatively “high” pres-
sures (1-5 atm) of aluminum chloride and at temperatures less than 600 K, a non-volatile liquid
mixture has been observed in the systems involving samarium chloride [8] which diminishes the
partial pressures of the complexes and thus inhibits vapor transport. The study described in this
chapter concerns the formation of such liquid mixtures in binary NdCl3-AlCl; and GdCl3-AlCls.
In simple visual experiments, the author established the formation of stable liquids and glasses and
examined their structural properties by means of vibrational Raman spectroscopy. Based on the
obtained structure of the liquids, structures of the RCI3-AlCl3 (R = Nd, Gd) vapor complexes were
deduced.

6.2. Experimental Details

High purity AlCl3 was prepared by repeated slow sublimations using a temperature gradient
in a pyrex tube sealed in vacuo. Anhydrous NdCl3 and GdCls were purified by dynamic sublima-
tion in high vacuum (10°-1078 Pa) at 800 °C. All handling of chemicals took place in a nitrogen-
filled glove box with a water vapor content less than 5 ppm. The Raman (optical) cells were made
of fused silica tubing (outer diameter, 4 = 0.1 mm; inner diameter, 2+ 0.1 mm, length, ca 3 cm).
Before use, the cells were carefully cleaned, rinsed with hydrofluoric acid and water, flamed and
degassed. Preweighed amounts of AlCl; and RCl3 were transferred into each cell, which was then
sealed in vacuo.

Raman spectra were excited with several lines of a 4 W Spectra Physics Ar* ion laser or

Spectra Physics Kr* ion laser. The scattered light was corrected at an angle of 90° and analyzed
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with a Spex 1402 double monochromator, an RCA-C31034 photomultiplier tube and EG&G pho-
ton counting (Model 9315), and rate mater (Model 9344) electronics. An optical furnace for ob-

taining high temperature Raman spectra is shown in Fig. 6.1 .
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Figure 6.1. (a) Instrumentation for high temperature Raman spectroscopy and (b) optical
furnace for obtaining high temperatures (ref. [4d])
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6.3. Results and Discussion

6.3.1. The GdCl3-AlCl3 System

Several cells were made for studying the GdClz-AlCl; system at different compositions. On
heating the samples in the temperature range 250-300 °C for a few hours and subsequently at 350
°C, GdCl; was slowly (overnight) dissolved in liquid Al,Clg and a colorless and clear solution was
obtained. However, for GdCl3 mole fractions xg4ci, > 0.25, solid GdCl3 remained undissolved
even at 425 °C. The pressure of aluminum chloride (as Al,Clg) over the liquid with xg4cl, = 0.25
was less than 2 atm. Upon rapid cooling of Gd/Al = 1/3 liquid, a glassy solid was formed which
remained stable for several days/months. Slow cooling of the liquid and/or devitrification of the
glassy solid gave a crystalline compound which presumably was GdA13Cl;; as reported before [56,
571. |

The Raman spectra of the 1/3 mixture as crystalline and glassy solids and liquid are shown in
Fig. 6.2. The spectrum of the crystalline solid is similar to those reported for TbAI3Cly2 [57]. The
doublet around 350 cm™! is attributed to Al-Cl vibrations within the “AlCly” tetrahedra which
according to the crystal structure have two types of chloride, one of which is “bridged” to Gd (i.e.,
Al-Cl-Gd, v~ 350 cm™!) and the other “terminal” (v=360 cm™). Based on the trends observed in
the vibrational frequencies of many rare earth chloride compounds [58], the v =249 cm™! band was
assigned to a Gd—Cl stretching mode. The doublet of the crystal at ca 350 cm™! gives one band in
the glass which remains unresolved even at liquid nitrogen temperature indicating that the prefer-
ential orientation of “AlCly” in the crystal is lost in the glass state and also in the liquid. Finally,
another characteristic of the liquid-glass spectra is the appearance of a very weak shoulder band at
ca 315 cm™ which, by comparison with other aluminum chloride-metal chloride mixtures [4a], is

assigned to “Al,Cl;”.

6.3.2. The NdCl3-AlICl3 System

The dissolution of NdCl5 in molten aluminum chloride was achieved in similar manner as in
the GdCI3-AlCls. The solutions were transparent purple (in the sunlight) and the solubility of
NdCl; reached its maximum at xngcl, = 0.2. Rapid cooling of the liquid gave a glass which was
stable for several hours/days.

The Raman spectra of the Nd/Al = 1/4 mixture as liquid and glass are also shown in Fig. 6.2.
The spectra exhibit a strong fluorescence background which increases with decreasing tempera-

ture. The detailed features of the spectra are similar to those in the gadolinium system showing the
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Figure 6.2. Raman spectra of the RCI3-AlICl3 systems. Spectral slit width, ca 6 cm™; time
constant, 7= 0.1 s; scan rate, 2 cm™' s7'; laser line, A9 = 488.0 nm; laser power, ca 60 mW (for
molten mixtures and crystalline solids) and ca 30 mW (for glasses).

Nd-Cl stretching at ca 240 cm™! and the main “AlCly” modes at 347 (W), 496 (v3) and 116 cm™!
(w2). The “Al,Cl7” band is more pronounced in the neodymium spectra appearing as a shoulder in

the liquid (v= 311 cm‘l) and as a well defined band in the glass (v =308 cm‘l).

6.3.3. Coordination Number of R in the RCl3-AICl; Liquids

In crystalline GdAl3Cly», the coordination of Gd is eight-fold [56, 57]. Since there are no
drastic changes in the Gd-Cl frequency on going from the crystal (v = 247 cm™) to the glass and
liquid (v=249 cm™), it may be concluded that the eight-fold coordination is preserved in the glass
and liquid phases. It should be noted, however, that all the isostructural and network-like RAI3Cl
(R = Gd, Th, Dy) compounds show [57] practically identical Raman spectra having the same R—Cl

frequency. Thus, if the local environments around Gd and Nd in the RCl3-AICl; systems were
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Figure 6.3. Model structure of liquids and glasses formed in the (a) NdCl3-AICl3 and (b)
GdCl3-AICl; systems.

similar, then we would expect both the Gd—Cl and Nd-Cl frequencies to be around 250 cm™'. The
observed difference in the spectra (Fig. 6.2) of ca 10 cm™ ! between the Gd (v =249 cm 1) and Nd
(v=240 cm™) indicates that it is more likely that the coordination of Nd is higher than that of Gd.
As in the case of crystalline NdCl3 [52], a nine-fold coordination is preferred and presumably is
conserved in the liquid/glass.

It follows from the above that in the RCl3-AlCl3 liquids and glasses the main participating
“units” are “AlCly” and in part “Al,Cl;” with the rare earth having coordination eight or nine. The
bonding between these “units” and their ease of coordination around R determine their tendency
for formation of glass state. In order to satisfy the preferential coordination of R, the “AlCl4”
tetrahedra may offer a vertex, an edge, or a face [4b] and can be linked in the same manner to
another R or form “Al,Cl7” chlorine single bridges. Figures 6.3(a) and (b) give schematic possible
structures of these glasses and liquids where the R atom is coordinated with “AlCly” and “AlCl7”
units which link the neighboring rare earths. The model does not exclude or imply the presence of
AlCly - and Al,Cly-like ions. It is possible that the schematic structures shown are either net-

work-like as in ZnCl, glasses or ionic-like as in nitrate glasses [59]. In the latter case, the predomi-
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nant AICl4~ ions should be positioned in fixed orientations towards the R>* ion.

6.3.4. Coordination Number of R in RAI;Cl;; Vapor Complex

Though in many cases high temperature Raman spectroscopy is the most effective means to
determine the structure of vapor complexes [4], the Raman spectra of vapor phase in the RCl;s-
AICl3 (R =Nd, Gd, Lu, Sc) systems show only the fundamentals of Al,Clg(g) [60] due to relatively
low vapor pressure (< 0.01 atm) of the complexes. In the spectra of the NdCl3-AICl; vapor, how-
ever, strong fluorescence was observed by changing the frequency of the incident laser line. Figure
6.4 shows the fluorescence spectra excited with 19436.3 cm™ (514.5 nm) laser line. The fluores-
cence bands can be assigned to 4G5/2 (or 2G7/2) - 419/2, 4G7/2 - 419/2, and 2G9/2 - 419/2 transitions
of aNd>* ion [61] and, therefore, give an evidence that NdAl,Clz,3, complex(es) really exist in the
vapor phase. Increasing temperature from 250 °C to 425 °C increased the overall intensity; this is
attributed to the increase of the amount of the NdAl,Cls,3,. Further changing of laser line, 476.5
nm (20986.4 cm™'; blue), 501.7 nm (19932.2 cm™'; blue green), and 647.1 nm (15453.6 cm™; red),
provided other fluorescence due to 4G9/2 (or 2D3/2) - 419/2, 2H1 12— 419/2, 4F9/2 - 419/2, 4F7/2 (or
453/2) - 419/2, 4F5/2 (or 2H9/2) - 419/2, and 4F3/2 - 419/2 transitions as shown in Fig. 6.5.

Anyway, we could not obtain any structural information from the Raman measurement of
RCl3-AlCl; vapor complexes. On the other hand, the structure of the RAl3Cly, vapor complex can

be postulated from structure of corresponding melt (liquid), since the coordination number of cen-

I i | 1 T I I

Nd-Al-Cl vapor
A = 19436.3 cm™

Relative Intensity

250 °C

i ] 1 } 1 | i
16000 17000 18000 19000 20000
Energy / cm™

Figure 6.4. Fluorescence spectra of the NdCls-AlCl3 vapor at 250 and 425 °C excited with
514.5 nm (blue) laser line.
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Figure 6.5. Fluorescence spectra of the NdCl3-AlICI3 vapor at 425 °C excited with 476.5
(20986.4 cm™'; blue), 501.7 (19932.2 cm™'; green), 514.5 (19436.3 cm™'; green), and 647.1

nm (15453.6 cmt; red) laser lines.
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Figure 6.6. Model structures of RAI3Cly2 (R = Nd and Gd) vapor complexes.
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tered metal ion in vapor complexes is mostly the same as that of corresponding condensed phase
(for example, see ref. [3a, 62, 63]). If coordination numbers of a R3* ion of RCls3-AlCl;3 melt and of
RAI3Cl;; vapor are the same, the NdAI;Clj5 and GdAI3Cly, vapor complexes also have 9- and 8-

coordinate structures (Fig. 6.6).
6.4. Conclusions

The existence of liquid mixtures (melts) in the RCl3-AlCl; (R = Nd, Gd) binary systems
which form stable glasses is established. Based on Raman spectroscopic measurements, a struc-
tural model is proposed for these glasses and liquids where the main participating units are “AlCly”
and in part “Al;Cl;”. The coordination number of the rare earth is nine-fold for neodymium and
eight-fold for gadolinium. Though the Raman spectra of the RCl3-AlCl3 (R = Nd, Gd, Lu, Sc)
vapor complexes could not be measured due to relatively low vapor pressure of the complexes,
fluorescence bands of the NdCl3-AlCl3 vapor shows the presence of the complex containing Nd>*
ion. The structures of NdAI3Cly; and GdAl3Cly, vapor complexes were deduced from the struc-

tures of corresponding melts.
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Summary

In the work of this thesis, a new all-dry method for separation or recovery of rare metals,
especially of rare earths, has been investigated using chemical vapor transport reaction mediated
by metal chloride vapor complexes, and some fundamental properties of rare earth chloride vapor
complexes were also examined. The results obtained through this work are summarized as fol-

lows:

Chapter 1. The chemical vapor transport reactions of hydrous and anhydrous rare earth
chlorides, RCI3; were carried out using gaseous aluminium chloride as complex former. Transport
efficiency for each RCl3 was increased with increase in the atomic number of R or, in other words,
with decrease in ionic radius of R**, except for the transport of europium chloride, whose stable
valence is Eu?* at high temperatures around 1000 °C. Hydrous chlorides were also transported in
the presence of active carbon, and mutual separations of hydrous rare earth chloride mixtures,
PrCl3-ErCl3, PrCl3-SmCls, and PrCl3-GdCls-ErCls, were performed via the vapor complex,
RAIl,Cl3,3,(g). Heavier rare earth chlorides were more readily transported and concentrated in the
deposits in lower temperature zones of a temperature gradient while lighter ones were selectively
condensed in higher temperature zones. By optimization of the temperature gradient, separation
characteristics (efficiency and purity) were improved, and PrCl; of almost 100% purity was ob-
tained for the separation of the PrClz-ErCl; mixture. From the transport reaction of the PrCls-
SmCl3 mixture with various compositions, it turned out that a multiple (repeated) transport reac-

tion renders it possible to obtain PrClz with high purity.

Chapter 2.  Mutual separations of mixed praseodymium and neodymium chlorides or
oxides was preformed using the chemical vapor transport reactions. For the transport of the PrClz-
NdCls mixture, a series of alkali metal chlorides (ACI) was tried as a complex former as well as
aluminium chloride. Separation factor show a tendency to increase in the order, AlICl3 < NaCl <
KCl, RbCl, CsCl, as well as the yields. For the transport reaction using both AICl; and KCI (or
NaCl) as the complex formers, the co-deposition of KC1 with RCl3, which took place when KCl
was singly used, was depressed and RCl3 was obtained in a form free from the used complex
formers, since the co-deposited KCl residue is removed by the regeneration of much volatile com-

plexes, KAICl4(g). The influence of RCl3/ACI mixing ratio was also examined, and equimolar
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mixture gave the highest separation factor and yield.

Upon investigating the transport reactions using the mixed oxide directly, some potassium
salts, KoCO3, K2SOy4, KNO3, KF, and KAI(SOy);, were tried as a precursor of a complex former,
KCl, in order to avoid the deviation of composition from R/K=1/1. The yields of transported RCl3
were 55, 37, 32, 18, and 26%, respectively, while the yield when the KC1 was directly used as the
complex former was 25%. The transport reactions using KoCO3 were carried out under various
kinds of temperature gradients with a constant-temperature plateau zone, and the decrease of the
temperature for such a plateau zone gave a high purity NdCl; whose yield is, however, very low
and vice versa. This alternative feature was simulated by employing empirical vapor pressures of
KPrClu(g) and KNdCly(g) which were evaluated from transported amounts of PrCl; and NdCl; by
altering the plateau temperature. Finally, a heat necessary for the transport reaction of Nd,O3 using

K,CO;3 was calculated as 191.2 kJ mol™! of Nd.

Chapter 3. The chemical vapor transport reactions using rare earth concentrates, monazite
and xenotime, or some crude oxides were investigated. The raw materials were chlorinated by Cl,
gas at 1000 °C and the resulting RCl3 was transported via KRCl4(g) or RAl,Cl3,3,(g) vapor com-
plex. As mentioned in Chapter 1, chlorides of heavier rare earths including YCl; were generally
more readily transported and concentrated in the deposit at a relatively low temperature portions,
and yields of individual rare earth after the transport for 82 h were increased with decrease of ionic
radius of R3* ion: 20-30% for La; 50-60% for Ce; 60-70% for Pr and Nd; > 80% for Gd-Luand Y.
The direct use of the concentrates for the transport reaction is, however, not always an appropriate
process, since condensation of chlorides of non-rare earth elements such as Th and U sometimes
overlapped with each other or with that of RCl3.

Chlorination behavior using carbon tetrachloride as a chlorinating agent were additionally
investigated with respect to the monazite concentrate. The chlorination with CCly was topochemical,
and the amount of monazite reacted after different periods, ¢, followed the relationship, 1 — (1 -—x)” 3
= kt, where x represents fraction of monazite reacted and k is the rate constant. Between the k and

partial pressure of CCly, pccus, there was a correlation, k = a (pccy 4)1/ 2 (a, constant), suggesting the

reaction has an order of 1/2.

Chapter 4. The chemical vapor transport process was applied to recovery of rare metals
from various industrial wastes. Recovery of rare earths, Co, and Ni, from sludges of Sm;Co;7 and

Nd,Fe 4B type magnets and LaNis intermetallic compound was carried out by a high temperature
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chlorination at 1000 °C followed by the transport using AlCls as a complex former. Rare earth
chlorides were concentrated in the deposit in the relatively high-temperature zone, 800-900 °C,
while CoCl, and NiCl; were in the low-temperature zone, 500-700 °C. Purity of each recovered
chloride was more than 99%, since chlorides of other metals, such as Fe, Cu, Zr, and Al, were
condensed at the outlet of the reactor (below 350 °C) without any contamination for the recoveries.
After the transport reaction for 6 h, yields of Ni and Co were more than 99%, whereas those of La,
Nd, Sm, Dy were lower, i.e. 27%, 39%, 59%, 68%.

Recovery of V, Ni, and Mg from a fly ash of bitumen-in-water emulsion, as a new fuel, was
also conducted. Vanadium components were recovered thoroughly at 500 °C even in the absence
of a complex former, AlCl3, while NiCl; and MgCl, were extracted via vapor complexes, NiAl>Clg(g)
and MgAl,Clg(g) at 600 °C. The most appropriate flowsheet for recovering the V, Ni, Mg is: (i)
chlorination at 500 °C to extract vanadium; (ii) heating the residual mixed chloride at 600 °C to
remove FeCls; (ii1) introduction of gaseous AlCl; to transport NiCl, and MgCl, along temperature

gradient with a constant-temperature plateau zone at 410 °C.

Chapter 5.  Vaporization of the RCI3-KC1 (R = Nd and/or Er) equimolar molten mixture
was investigated at 1018-1273 K by means of Knudsen effusion mass spectrometry. The vapor
species KCl, K,Cl,, RCl3, and KRCls were found in the vapor over the melt, and their vapor
pressures were evaluated for the NdCls-KCl system: 2.5 x 1074, 1.8 x107%, 1.7 x 1075, 3.1 x 107
atm, respectively. Volatility enhancement of NdClj; by the formation of the vapor complex KNdCly
decreases with increase in temperature, and the enhancement factor at 823 K is estimated to be 31.

Second-law enthalpy change of the reactions

KNdCly(l) = KNdCly(g), €}

KNdCly(g) + KCl(g) = NdCls(g) + K2Cla(g), 2
and

KNdCly(g) = KCl(g) + NdCl3(g), 3

were evaluated at mean temperature, 1235 K, as 168 +4, - 10£21, and 173£21 kJ mol'l, respec-
tively. A relatively small enthalpy change of the isomolecular exchange suggests that the structural
change of the reaction is not drastic and that the KNdCl4(g) complex has two bridging and two
terminal chlorine atoms, presumably a Cy,-type configuration. The structure of KNdCls(g) was

also supported by an agreement of calculated enthalpy change of egs. 2 and 3, i.e. 8 and 173 kJ
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mol™, based on an empirical rule.

Chapter 6. The existence of liquid mixtures (melts) in the RCl3-AICl3 (R = Nd, Gd) binary
systems which form stable glasses is established. Based on Raman spectroscopic measurements, a
structural model is proposed for these liquid mixtures where the main participating units are “AlCly”
tetrahedra and in part “Al,Cl;”. The coordination of the rare earth is 9-fold for neodymium and 8-
fold for gadolinium. Taking into account a similarity in coordination number of centered metal ion
between vapor complex and corresponding condensed phase, NdAl3Cl;, and GdAl;Cl;; complexes
may have 9- and 8-coordinate structures, respectively. Though Raman spectra of the NdCl3-AlCl3
vapor complex did not obtained at < 425 °C due to relatively low pressure of the complex, strong
laser-induced fluorescence of the vapor was observed and the fluorescence bands were assigned to
f—f transitions of Nd>* ion. This indicates the presence of large quantity of Nd** ion in the vapor

phase such a low temperature.
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