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Abstract  

A dry process for recovery of rare metals from sludges of Sm2Co17, Nd2Fe14B and LaNis intermetallic compounds was 
investigated using chemical vapour transport along a given temperature gradient. Chlorine and aluminium chloride were used 
as a chlorinating agent and a transporting agent respectively, and the rare metal chlorides were chemically transported as 
vapour complexes, e.g. RAInCI3+3,, (R=ra re  earth), MAlnCI2+3,, (M=Co,  Ni). Rare earth chlorides were concentrated in the 
deposits in the higher temperature zone (800-900 °C) while cobalt and nickel chlorides were in the lower temperature zone 
(500-700 °C). Purity of each of the recovered chlorides was more than 99%. Chlorides of other metals, such as iron, copper, 
zirconium, and aluminium, were condensed at the outlet of the reactor (below 350 °C) without any contamination for the 
recoveries. After transport reaction for 6 h, yields of nickel and cobalt were more than 99%, whereas those of lanthanum, 
samarium, neodymium and dysprosium were lower, i.e. 27%, 39%, 59% and 68%, owing to the relatively low formation rate 
of RAlnCl3+3n complexes. If the transport reaction lasts for a longer time, the yields of rare earths can be improved. 
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1. Introduction 

In recent years, a number of new intermetallic ma- 
terials, in which rare earth or rare metal elements play 
an important role, have been rapidly advanced. Some 
compounds, i.e. SmC05, Sm/C017, and NdzFe14B, have 
been well investigated for high performance permanent 
magnet materials and already produced industrially for 
uses in portable motors and so on. Hydrogen storage 
alloys of RNi5 (R = rare earth) have come into use as 
cathode materials for a nickel-metal hydride secondary 
battery as a substitute for Ni-Cd battery because cad- 
mium is harmful to the environment. In many cases, 
however, the resources of these rare metals (i.e. R, 
Co, and Ni) are limited and unevenly distributed to 
some particular regions in the world and, hence, their 
cost and supply have strongly depended on political 
circumstances. This results in a repeated shortage of 
supply and a sudden rise in cost for the rare metals. 
Consequently, it becomes necessary to recover these 
rare metals from the scrap of the intermetallic materials 
by profitable methods and to recycle them for further 
production of the materials. 

* Corresponding author. 

For the sintered intermetallic compounds for the use 
of permanent magnet materials, a large amount of their 
sludge is produced in shaping and grinding processes 
to commercially demanded forms. The total volume of 
the sludge sometimes becomes greater than that of the 
commercial products. Hence the recovery from the 
sludge is significant, and solvent extraction and pre- 
cipitation methods are currently being developed in 
order to recover the rare metals from scrap [1]. However, 
a new simple and easy method is desired, since current 
methods consist of a series of complicated processes 
such as dissolution of the scrap in solutions, filtering 
off insoluble constituents, concentration of filtrates, 
addition of precipitant, and drying and calcination of 
precipitates, which are characteristic of the so-called 
wet processes. 

Meanwhile, many kinds of metal halides including 
rare earth halides form halogen-bridged vapour com- 
plexes with other volatile metal halides called complex 
formers [2-14]. Some formation schemes are expressed 
as follows: 

RC13(s) + (n/2)A12Cl6(g). " 

RA1,C13+3,(g) (n= 1-4) (1) 

CoC12(s) + AIzCI6(g) . " CoAlzC18(g) (2) 

0925-8388/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved 
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Tab le  1 

Compos i t i on  o f  sc rap  o f  r a r e  e a r t h  in te rmeta l l i c  c o m p o u n d s  used  for r aw ma te r i a l s  for chemica l  v a p o u r  t r anspor t  r eac t ion  

219 

L a  N d  S m  Dy  Fe  Co Ni Cu Z r  AI  B Nb, M o  

Sm2Cot7 s ludge  - - 22 - 15 51 - 5.2 1.8 - - - 

Nd2Fet4B s ludge - 26 - 2.2 56 3.3 - - - 1.0 1.0 T r a c e  

Mixture  ~ - 13 11 1.1 36 27 - 2.6 0.9 0.5 0.5 T r a c e  

LaNi5 p o w d e r  30 . . . . .  64 . . . . .  

" M i x t u r e  o f  Sm2Co17 a nd  Nd2Fet4B sludges.  

NiC12(s) +AI2CI6(g) - " NiAI2CIs(g) (3) 

In general, the volatility of metal halides is appreciably 
enhanced by this reversible formation of the vapour 
complexes. The volatility enhancements, namely the 
factors of increase in the volatility due to the com- 
plexation in the presence of 1 atm of A12C16(g) as one 
of the typical complex formers, have been calculated 
as follows: 1013 for NdCI 3 (at 600 K), 101° for COC12 
(700 K), and 1.2× 108 for NiCl2 (600 K) [7]. Metal 
iodide and bromide vapour complexes have been mainly 
studied in terms of the luminescent materials for metal 
halide lamps [3]. 

It is noteworthy that the vapour complexation with 
some complex formers renders it possible to transport 
the non-volatile rare earth chlorides through a reactor 
with a temperature gradient and to condense the chlo- 
rides along the gradient according to the reverse process 
of the complexation [15,16]. This chemical vapour trans- 
port (CVT) reaction has been investigated principally 
in the fields of preparation chemistry and separation 
chemistry: a method to obtain anhydrous RC13 on a 
laboratory scale [17,18], a gas-solid chromatograph 
system for mutual separation of radioactive RC13 tracers 
[19], and purification technique for niobium contam- 
inated by tantalum [20]. 

Particularly, we have also recently reported that the 
mutual separation of rare earth chlorides is satisfactorily 
conducted by a CVT reaction along various well-con- 
trolled temperature gradients via formation of vapour 
complexes using A1C13 and/or ACI (A = alkaline metal) 
as complex formers [16,21-24]. In addition, the recovery 
of samarium and cobalt from the sludge of Sm2Co17 
alloy has been found to be effectively performed by 
the same method [25]. Since the method is based on 
differences in the temperature dependences of for- 
mation-decomposition equilibria of the vapour com- 
plexes it is free from the above-mentioned complicated 
treatments characteristic of the wet process. 

In the present work, the recovery of rare metals from 
the intermetallic compounds 5 m 2 C o 1 7  , Nd2Fe14B, and 
LaNi5 was studied by the CVT technique using A1Cl3 
as the complex former. 

2. Experimental details 

The sludges of Sm2Co17 and Nd2Fe14B 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 LaNi5 alloy provided by Santoku Metal 
Industry was used without any pretreatment. Com- 
positions of the metallic elements, including boron in 
Nd2Fex4B, summarized in Table 1 were determined by 
means of X-ray fluorometry. The 5m2Co17 sludge con- 
tains some additives (Fe, Cu, and Zr) and also the 
Nd2Fe14B (Dy, Co, A1, Nb, and Mo) in order to improve 
magnetic properties such as saturation magnetization, 
coercive force, and Curie temperature. 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 sludge were 18% (5m2CO17 sludge), 35% 
(Nd2Fe14B sludge), and 28% (LaNi5 alloy). (In the case 
of 8m2Co17 scrap, for example, 0.0290 g of the dried 
sludge was weighed and analysed 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, Sm203, C0203, Fe203, 
CuO, and ZrO2, in the raw sludge, then the sum of 
the masses of these oxides corresponding to the de- 
termined molar quantities would be 0.0367 g. On the 
contrary, if all of the components had been wholly 
metallic, then the sum would be 0.0273 g. Therefore 
the abundance of the oxides in the 5m2Co17 sludge 
was calculated as 18%, the ratio of 0.0290 g-0.0273 
g to 0.0367 g-0.0273 g.) 

Details of the apparatus employed for the CVT 
reaction have been reported elsewhere [16]. The ap- 
paratus includes two tubular electric furnaces A and 
B (Fig. 1). The heating element in furnace B was 
divided into eight separate heating zones, with every 

I  ma oA II Fuma=B I 

I II \ y  ...I / 
mixed gas alumina tube quartz reactor 

tube 

Fig. 1. A s s e m b l y  of  e lect r ic  f u rnaces  for  C V T  reac t ion .  N u m b e r s  in 

f u rn ace  B d e n o t e  f rac t ion  n u m b e r  of  separa t ion .  
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zone controlled differently by a thermoregulator so as 
to produce various temperature gradients along the 
quartz tube reactor. The thermoregulators were con- 
nected with thermocouples placed on the inner wall 
of the furnace. On setting the temperature gradient, 
the temperature of every zone was roughly set first on 
the thermoregulators and, further, 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 
temperatures. 

Aluminium chloride (10.0 g), the complex former, 
was sealed in a Pyrex ampoule (inner diameter, 14 
mm; length, 10 cm) and loaded into furnace A. The 
ampoule has a small orifice (diameter, 0.5 mm) in order 
to generate gaseous aluminium chloride slowly when 
furnace A is heated. The scrap was weighed, put on 
a small carbon or alumina boat (length, ca. 8 cm), and 
placed at the summit of the temperature gradient (about 
1050 °C) in furnace B. A mixed N2 and C12 gas (N2, 
30 ml min-1; C12, 5 ml min -~) was flowed through the 
reactor as a carrier gas and a chlorinating agent re- 
spectively. 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, AlzC16(g), 
the complex former. 

The scrap on the boat was heated and directly 
chlorinated by CI: gas. The resulting metal chloride 
mixture vaporizes according to a simple sublimation 
which sometimes accompanies the formation of aggre- 
gates such as dimers (n =2) or trimers (n =3); i.e. 

nMCk(s, 1) ~ M~CI,~(g) (4) 

or vapour complexation with the A12CI6(g ) introduced 
from furnace A to B by the carrier gas: 

nMflx(s, 1) + (m/2)A12fl6(g) ~ MnAlmfl,,x+3m(g) (5) 

(In practice, although a part of the AI2C16(g) is de- 
composed into monomeric AIC13(g) at high temperatures 
[26], the gaseous aluminium chloride in the present 
paper is described as A12C16(g) for the sake of con- 
venience.) The resulting gas phase species were driven 
with the carrier gas along the temperature gradient 
and the metal chlorides (MCIx) were deposited at 
different places in the reactor tube corresponding to 
the sublimation and decomposition temperatures of the 
reverse reaction of Eqs. (4) and (5) respectively. 

After the CVT reaction had lasted for 6 h, the 
deposits were collected by removing the 13 pieces of 
alumina inner tubing [16]. The deposits were then 
dissolved individually into deionized water to determine 
the compositions of metal chlorides for every portion 
(fraction number FN) with a wavelength-dispersive type 
of X-ray fluorescent spectrometer (Rigaku System 
3270A) using Zn 2÷ as an internal standard substance. 

When the sludge of Nd2Fe14B 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 calibration 
method. 

3. Results and discussion 

3.1. Recovery from Sm2Co17 sludge 

3.1.1. Transport conditions 
Among the five metal chlorides produced by chlo- 

rination of the 5m2Co17 sludge, SmCI3 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 5m2Co17 sludge (1.0 
g) as a raw material. Six conditions attempted are listed 
in Table 2. The transported amounts of SmCI3 under 
these conditions were compared with one another in 
terms of boat materials, a chlorinating agent, and a 
complex former. 

First, an alumina boat was utilized to load the sludge. 
Under condition (i), without using any complex former, 
the total amount of transported SmC13 portion was 
quite small, while most other metal chlorides were 
effectively transported. On the contrary, under condition 
(iii), using AICI3 as the complex former, the amount 
of transported SmC13 was increased by a factor of 30 
( 4 . 0 X  10 - 4  mol). This demonstrates the effectiveness 
of using A1C13 as the complex former for the CVT of 
non-volatile SmC13. 

The CVT reaction under condition (i) produced white 
residue on the alumina boat, which was analysed by 
means of powder X-ray diffractometry. The obtained 
diffraction pattern coincided with the diffraction pattern 
for SmOCI [27]. This suggests either that samarium 
species (Sm and Sm203) in the sludge are not fully 
chlorinated into SmCI3 but into SmOC1 in the presence 
of C12 gas, i.e. 

2Sm203(s) + 2Sm(s) + 3C12(g) , 6SmOCl(s) (6) 

Table 2 
Amount of transported SmCI3 under various reaction conditions 

Transport Boat Chlorinating Complex Transported 
condition material agent former amount 

( × 10-4 mol) 

(i) Alumina CI 2 - 0.13 
(ii) Alumina - AICI3 a 1.8 
(iii) Alumina CI2 AICIj 4.0 
(iv) C C12 - 2.0 
(v) C CI 2 AICI3 5.6 
(vi) Alumina b C12 AICI3 4.2 

" Aluminium chloride also acts as chlorinating agent; see text. 
b Active carbon powder (0.2 g) was added to the raw material. 
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or that, even if chlorinated into SmC13, the SmC13 
immediately reacts with A1203, the boat material, and 
forms SmOCI: 

SmCl3(s, 1) +A12Oa(s) , SmOCl(s) +AIOCI(s) (7) 

although X-ray diffraction pattern did not show the 
existence of AIOCI. On the contrary, SmOC1 can react 
with AI2C16(g) to directly form the vapour complex 
without the formation of SmC13 as an intermediate, 
i.e. 

2SmOCl(s) + (n + 1)AI2CI6(g) , 

2SmA1,CIa+a~(g) +2A1OCI(s) (8) 

and, hence, the transported reaction took place under 
condition (iii). In this case, therefore, the Al2Cl6(g) 
functions also as chlorinating agent. This is supported 
by the fact that the transport reaction more or less 
takes place under condition (ii), in the absence of C12 
gas flow. 

In conclusion, the increase in the amount of trans- 
ported SmC13 portion was attributed not only to a 
volatility enhancement due to the vapour complexation 
with Al2C16(g) but also to effective chlorination of 
SmOCl by the AIEC16(g). Halogenation by gaseous al- 
uminium halides is applied to the preparation of an- 
hydrous metal halides from corresponding oxides on 
a laboratory scale [17,18]. For example, the chlorination 
of R E 0  3 is expressed as 

2R203(s) + 3A12Cl6(g) ,4RC13(s) + 6AIOCl(s) (9) 

REOa(s) + AIECl6(g) ~ 2RC13(s) + AIEO3(s) (10) 

According to Eqs. (8)-(10) the Al2C16(g) which acts as 
a chlorinating agent is converted to A1OC1 o r  A1203. 

The formation of these inert substances against vapour 
complexation reduces the effective amount of AIEC16(g ) 

as a complex former. In order to depress the formation 
of SmOC1 and the consumption of Al2Cl6(g) as chlo- 
rinating agent, a carbon boat was used instead of that 
of alumina. The carbon boat which itself acts as a 
deoxidant via the reactions 

Sm203(s) + 3C(s) + 3C12(g) 

SmOCl(s) + C(s) + C12(g) 

, 2SmC13(s, l) +3CO(g) 

(11) 

, SmCl3(s, 1) + CO(g) 

(12) 

promotes the chlorination of Sm203 (or SmOCI) by 
C12. In this case, carbon oxide (CO), carbon tetrachloride 
(CC14) , o r  thionyl chloride (SOC12) indeed seem to be 
effective deoxidizing agents in attacking oxide and oxy- 
chloride, but these are not suitable in view of economy. 
The carbon boat is gradually corroded away according 
to Eqs. (11) and (12) with the progress of the CVT 
reaction. From the industrial aspect, however, the use 

of an exchangeable reactor made of carbon is eco- 
nomically advantageous rather than the use of expensive 
materials such as alumina and mullite. 

With the carbon boat (condition (v)) the amount of 
transported SmC13 portion increased 45 times over the 
amount transported in condition (i). Furthermore, about 
2.0× 10 -4 mol of SmCI3, 15 times as large as that under 
condition (i), was transported even in the absence of 
complex former A1CI 3 (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 SmC13 with A1203 as Eq. (7). Based on the results, 
condition (v) was adopted as the transport condition 
for further investigation of the recovery characteristics 
unless otherwise indicated. 

3.1.2. Recovery of samarium and cobalt 
Fig. 2 shows deposition profiles for transported SmC13 

and COC12 portions against the fraction number FN, 
together with the operated temperature gradient. Tem- 
perature ranges of each fraction are summarized in 
Table 3. The amount of SmC13 deposit peaked at FN = 3 
(approximate temperature range, 960--1000 °C), while 
COC12 peaked at FN= 11 (520-700 °C). The CoClz was 
obtained as anhydrous blue plates. 

The CVT reaction lasted for 6 h and the transportation 
rate of CoCIz was more than 99.9% whereas that of 
SmC13 was 59%. This is attributed to the fact that the 
formation reaction of vapour complexes RAlnC13 ÷3n is 
generally slow to equilibrate [28]. Fig. 2(c) shows the 
profiles of purities of SmCI3 and COC12 represented in 
molar per cent against the sum of the molar quantities 
of deposited elements, i.e. Sm, Co, Fe, Cu, and Zr. 
The chlorides SmCI3 and COC12 were concentrated up 
to 99.5 mol.% and 99.1 mol.% at FN=3  and FN= 11 
respectively. 

Table 3 
Temperature range of each fraction 

FN Temperature (°C) 

1 1050-1043 
2 1043-1003 
3 1003--957 
4 957-935 
5 935-914 
6 914--897 
7 897--891 
8 891-873 
9 873--815 

10 815-699 
11 699-518 
12 518--353 
13 below 353 
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Fig. 2. (a) Temperature gradient and distribution of SmC13 and COC12 
deposits; distribution profile of SmCl3 and CoCl2 deposits represented 
(b) in moles and (c) in molar per cent. Raw material was dried 
Sm2Co17 sludge (1.0 g) containing Fe, Cu, and Zr as additives; 
complex former w a s  A1CI 3 (10 .0  g); mixed N2 and C12 gas (N2, 30 
ml min-Z; C12, 5 ml m i n - ' )  was flowed as carrier; reaction time was 
6 h .  

Since the sublimation temperature of COC12 is rel- 
atively low at about 500 °C, the COC12 formed by the 
chlorination of the sludge was transported and con- 
densed at F N =  11 even without the complex former, 
A1CI3 (condition (iv)). Under  this condition, however, 
contamination with CuClz (or CuC1) was significant for 
FN = 11; the purity of CoC12 (FN = 11) was lowered at 
98.4 mol.%. Consequently, the transport condition (v) 
is also suitable for the recovery of COC12 as well as 
the case of SmC13. 

3.1.3. Deposition of other metal chlorides 
The vapour pressure of iron chloride or its complex 

with A1C13 is high below 350 °C. Therefore,  99.4% of 
transported iron chloride (FeC13 or FeC12) was con- 
densed at F N = 1 3  as well as A1CI3, and was not 
contaminated with recovered SmC13 and CoCl2. Copper 
chloride (CuCl2 or CuC1) was also condensed at FN = 13 
under condition (v). However, as mentioned above, 
copper chloride was most concentrated at F N = 1 0  
(700-815 °C) owing to the low volatility of copper 
chloride itself under condition (iv). Zirconium chloride 
(ZrC14) was condensed at FN = 13 under any transport 
condition at the sublimation temperature of 331 °C. 

3.2. Recovery from Nd2Fe14B sludge 

3.2.1. Recovery of neodymium and dysprosium 
Fig. 3 shows deposition profiles for an RC13 mixture 

(R = Nd and Dy) and FeC13 (or FeC12). The temperature 
gradient operated was the same as in Fig. 2(a). The 
recovered amounts of rare earths were maximized at 
FN = 3. The purity of rare earth chloride mixture in 
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Fig. 3. (a) Distribution of RCI 3 mixture ( R = N d  and Dy) and FeCI3 
deposits and (b) relationship between molar ratio Nd:Dy and fraction 
number. Raw material was dried Nd2Fe14B sludge (1.0 g) containing 
Co, AI, Nb, and Me as additives; complex former w a s  A1CI 3 (10 .0  

g); mixed N2 and C12 gas (N2, 30 ml rain-% C12, 5 ml rain - l )  was 
flowed as carrier; reaction time was 6 h. 
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this fraction was 98.4 mol.%. Although NdCI3 and 
DyCI3 were recovered as the mixture, the molar ratio 
of Nd:Dy at each fraction increased with increase in 
its temperature range (see Fig. 3(b)). In other words, 
NdCI3 is more concentrated in the fractions of higher 
temperatures. This is because the volatility of 
RmlnC13+3n complexes with smaller rare earth ions was 
generally larger than those with larger rare earth ions 
[16] and, hence, the heavier rare earth chlorides, DyCI3 
in this case, tend to deposit at low temperature fractions. 
Application of a multiple CVT reaction employed for 
mutual separation of the PrCI3-SmC13 [16] binary system 
may make it possible to improve the purity of recovered 
NdCI3. Alternatively, if the recovered rare earths are 
used for the processing of the same material (Nd2Fe14B 
in this case), the mutual separation of NdC13 and DyC13 
may not be required. 

Under transport condition (v) the transportation rates 
of NdC13 and DyC13 were 39% and 68% respectively, 
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 dif- 
ference for transported SmC13 when 8m2Co17 sludge 
was used as raw material: 28% under condition (iv) 
and 59% under condition (v). This means that the 
FeC13 formed by chlorination of Nd2Fea4B sludge also 
acts as a complex former and that the rare earth chlorides 
are effectively transported in the absence of A1CI3. 
However, purity of recovered rare earths was not so 
good, 91.1 mol.% (FN = 1) at the most, without AIC13. 

3.2.2 Deposition of other metal chlorides 
More than 99.9% of FeC13 (or FeCI2) and AIC13 

were deposited at F N =  13. Further, COC12 was also 
condensed at FN = 13 for the most part (98.9%) while 
COC12 was recovered in high purity at FN= 11 when 
5m2Co17 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 MoC15 and AIC13 

does not occur [29] and that the boiling point of MoC15 
is low at 268 °C. 

3.3. Recovery of  rare earths from a mixed sludge 

Sludge is not always in a "pure" state, produced in 
the shaping process of a single material. It is probable 
that many kinds of sludges 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 (1.0 g) of 5m2Co17 
and Nd2Fe14B by weight was demonstrated. 

Fig. 4 shows the deposition profiles of NdC13, SmC13, 
and DyCI3 along the temperature gradient together 
with molar 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 high temperature zone just as observed in the 
recovery from Nd2Fe14B 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 Sm2Co17 or Nd2Fe14B sludge 
treated independently as the raw material. 
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Fig. 4. (a) Distribution of NdCI3, SmCI3, and DyCI3 deposits and 
(b) relationship between molar ratios of Nd:Dy, Sm:Dy, and Nd:Sm 
and fraction number.  Raw material  was mixture of dried Sm2C017 
sludge (0.50 g) and Nd2Fet4B sludges (0.50 g) containing some 
additives as in Table 1; complex former was AICI3 (10.0 g); mixed 
N2 and 0 2  gas (Nz, 30 ml rain-t;  02,  5 ml rain - t )  was flowed as 
carrier; reaction time was 6 h. 
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3.4. Deposition temperature of CoCI2:  

a "recrystallization effect" 

When 8m2C017 sludge was transported under con- 
dition (v), 63% of total transported COC12 was recovered 
from FN = 11 (520-700 °C). However, when Nd2Fe14B 
sludge, which contains a small amount of cobalt as an 
additive (see Table 1), was transported under the same 
conditions, 98% of the COC12 was selectively deposited 
at FN = 13 (below 350 °C). This difference in deposition 
temperature of COC12 is interpreted as follows. 

The COC12, whose volatility is higher than those of 
RC13, is vaporized according to a simple sublimation 
process expressed as 

mCoCl2(s, 1) ~ ComC!~(g) (13) 

accompanying, in certain cases, the formation of ag- 
gregates (rn > 1). On the contrary, COC12 is known to 
form more volatile vapour complexes with A12C16(g ) 
[5] as 

CoC12(s, l, g) + (n/2)A12C16(g). ' 

CoA1,C12+an(g) (n = 1, 2, 3) (14) 

At the temperatures around FN= 11, partial pressure 
of CoA1,C12+a,(g) complexes is larger than that of free 
CoraCle(g) in the presence of excess amount of complex 
forming Al2Cl6(g). When the SmeCo17 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 trans- 
ported via CoraCle(g) in Eq. (13) and CoC12(s) deposits 
at FN=11 corresponding to the sublimation temper- 
ature of CoCl2, ca. 500 °C. However, when Nd2Fea4B 
is the raw material, the situation is reversed and the 
complex former is in excess since the content of cobalt 
as one of the additives in the sludge is small (3.3 wt.%; 
see Table 1). Hence, the majority of cobalt vapour 
species, CoraCle(g), which volatilize from the raw ma- 
terial, react with A12C16(g ) vapour during the trans- 
portation by the carrier gas to form the stable vapour 
complex CoA1,Cl2+ 3~(g) and, finally, deposit at FN = 13. 
In this case in particular the proportion of the condensed 
amount of COC12 at FN = 13 to the total transported 
amount was quite high (98%) since FeCl3 also acts as 
a complex former as mentioned above. 

Table 4 summarizes amounts of CoC12(s) deposited 
at FN = 11 and 13 under various CVT reactions. Total 
amount of complex former (AICl3 and FeC13) increases 
with the order (up to down) in Table 4. The proportion 
of CoCl2 deposited at FN = 13 is increased in the same 
order. When 8m2Co17 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. 

Table 4 
Amounts of deposit of CoCl2 at FN= 11 and 13 

Raw material Chlorinating Complex 
(1.0 g) agent former 

Condensed amounts 
(×10  -5 mol) 

FN= 11 FN= 13 

Sm2C017 sludge 0 2  
Sm2Col7 sludge C12 AICi3 
Mixture ~ CI 2 A I C t  3 

Nd2Fel¢B sludge Cl2 
Nd2FeI4B sludge Cl2 AIC13 

479 5.42 
362 163 

19.2 186 
2.44 9.05 
0.02 28.1 

" Mixture of S m 2 C o l 7  and Nd2Fe14B sludges, 
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Fig. 5. Distribution of LaCI3 and NiCI2 deposits. Raw material was 
ground LaNis alloy (0.50 g); complex former was AICI3 (10.0 g); 
mixed N2 and C12 gas (N2, 30 ml min-1; C12 5 ml min -I)  was flowed 
as carrier; reaction time was 6 b. 

We can compare this operation of removing the 
impurity, cobalt in this case, from rare earth by the 
vapour complexation with a complex former with a 
purification technique by means of recrystallization. 
The former technique is based on a gas-solid equilib- 
rium, the latter on a liquid-solid equilibrium. If one 
looks on the gaseous A1C13 (or FeCI3) as a "solvent" 
for the recrystallization technique, the formation of 
vapour complexes and the transportation along a tem- 
perature gradient correspond to the dissolution of a 
solute in a heated solvent and cooling the solution 
respectively, 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. 

3.5. Recovery of lanthanum and nickel from LaNi5 

When a powder of LaNi5 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. 5, 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. 
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However, the transportation rate for LaCla (27%) is 
lower than that for NdCla (39%), SmCl3 (59%) and 
DyC13 (68%) when Sm2Co~7 or Nd2Fe14B were used 
as raw because the vapour complex LaA1,C13+3,(g) 
containing the largest ionic radius element, lanthanum, 
among rare earths is the most difficult to form. 

4. Conclusions 

The recovery of rare metals was conducted effectively 
using the CVT process mediated by vapour complexes 
in metal halide systems. Rare earths, cobalt and nickel 
of almost 100% purity, were obtained from 5m2Co17 , 

NdEFe14B and LaNi5 scraps through only one process. 
The obtained 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. 
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