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Abstract: Using ammonium chloride (NH4CI) as a chlorinating agent, the effects of chlorinating temperature, chlori

nating time and NH4Cl dosage on chlorination of LayO3 and CeO,, and the thermal decomposition of LaClz* 7H,0 and Ce
Cl3*7TH,0 were investigated. The results show that 80% of both La;03 and CeO; can be chlorinated at 300 C for 90

min, and have no advantage to chlorination of lanthanum and cerium oxides at higher temperature. The thermal decompo-

sition of LaClz and CeCl; is carried out to explore the mechanism of chlorinating lanthanum and cerium oxides. At the

same time, the chlorination of lanthanum and cerium oxides is not devoted to the HCI decomposed from NH4Cl, but to

NH4CI directly taking part in the chlorination of La; O3 and CeO,. The lanthanum and cerium oxides in chlorination firstly

form intermediate LaOCl and CeOCl, and then transfer to LaCl; and CeCls, finally to LayO3 and CeO2, respectively. The

thermal decomposition analyses of LaClz*7H,0 and CeClz* 7H,0 further prove the existence of the intermediates LaOCl

and CeOCl. Therefore the chlorinating temperature and time should strictly be controlled when the lanthanum oxide and

cerium oxide are chlorinated with NH4Cl. And over dosage of NH4Cl should be also applied in the process of chlorination.
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1 INTRODUCTION

The light rare earth ores such as bastnasite and
Beiyuneboite are the ones with lanthanum and cerium
element as main component ( the content of lan-
thanum and cerium> 85% ( mass fraction) ) . General-
ly, the light rare earth ores are decomposed by acid or
alkali, then the rare earth products could be further

1, 2
recovered' 2.

Some shortages exist in the conven-
tional process of recovering rare earth, such as long
flow-sheet, multrtransferring form of the rare earth
and so on. Furthermore, the waste acid or alkali and
gas emission such as HF, SO, produced by acid or al-
kali would pollute environment. In order to resolve
above problems, an alternative process of selective
chlorination and recovery of rare earth was put for
ward > The novel process can directly transfer the
rare earth of the ore to rare earth chloride without
multrtransferring form of rare earth elements, and be
favorable to the environment due to no use of acid or
alkali. At the same time, the selective chlorination
would decrease the dissolution of impurities such as
Fe, Al, Siand Th, so it would simplify the purifica-
tion process of recovering rare earth. Furthermore,

lanthanum and cerium are the main rare earth element

components of light rare earth ore, and cerium can
exist as trivalence or tetravalence. CeO2 could not be
It is clear that the
chlorination of lanthanum and cerium would directly

dissolved in hydrochloric acid'®'.

affect the total recovery of rare earth for light rare
earth ores. In this work, ammonium chloride is con-
sidered as an alternative to chlorinate lanthanum oxide
and cerium oxide. The mechanism of chlorinating and
the thermal decomposition of LaClz*7H>0 or CeCls*®
7H,0 are the focus in this study.

2 EXPERIMENTAL

The LayOs3, LaCl; * 7H,0, CeO, and CeCls *
7H>0 used in the experiment were analytically pure,
and NH4Cl used as a chlorinating agent was chemical-
ly pure. The experiments of La;O3 and CeO; chlori-
nation were carried out in a muffle furnace. In each
experiment, 1 g CeO;or 1 g La;03 was mixed homo-
geneously with different amount of NH4Cl, and then
transferred to a capped pot. As the temperature of
muffle furnace reached the assigned temperature, the
capped pot was put into the muffle furnace, and
roasted for a certain time. The calcine was leached
with water, and filtered to get leach liquid. The
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La’™ and Ce™ concentration of the leached liquid
were determined with EDTA volumetric method.
Based on the volume and concentration of the leached
liquid, the chlorinating ratio of La;O3 and CeO; could
be calculated. The thermal decomposition experi-
ments of LaClz*7H,0 and CeClz*7H20 were carried
out at Universal DSC-2910 TA Instrument( Japan) .

3 RESULTS AND DISCUSSION

3.1 Chlorination of La,O3; and CeO,

When anhydrous mixed rare earth chloride is
prepared, NH4Cl as a chlorinating agent is applied to
chlorinate mixed rare earth oxide!® ', Actually, it is
the HCI from NH4Cl that chlorinates the mixed rare
earth oxide. The main chemical reactions are repre-
sented as follows:

328 C
NH,Cl—NHs+ HCl (1)
RE,03+ 6HCl=2RECL+ 3H,0 (2)

All the trivalence rare earth elements, such as
La;O3 and Cey03, can be described by reaction( 2).
For the tetravalence CeO,, it was reported that the
cerium chloride would be formed by CeO; reacting

with the HCI decomposed from NH4Cl, and the reac

tions can be expressed as follows! '

2Ce0,+ 2HCl = Cey03+ Cl+ H20 (3)
Ces03+ 6HCl = 2CeCly+ 3H,0 (4)
Ce203+ 3Cl, = 2CeCls+ 3/20, (5)

To investigate the chlorination of LayO3 and
CeO2 by NH4Cl, 1g LaxO3z or CeO; is mixed with
NH4CI at different ratio and roasted in a muffle fur-
nace. The calcine is dissolved in water and filtered to
get leaching liquid. By analysis of the La®* or Ce™*
concentration in the filtered solution, the chlorinating
rate of lanthanum and cerium oxides( ar, and dce) can
be calculated. The effects of mole ratio of NH4ClI to
rare earth OXide( n= x NH4CI/ X La)0, OT X NH4C1/ X ceoz) .

roasting time and roasting temperature on the chlori
nation are shown in Tables 1 and 2.

The results in Tables 1 and 2 show that chlori
nating rate of LayO3 or CeO; can reach about 80% at
n=6, t= 15 min and 6= 300 C for La;O3; and n
= 12, t= 90 min and 6= 300 C for CeO; respectiv-
ely. To illustrate the law visually, the relationship
between the Ce chlorinating rate and chlorinating
time for n= 3 and 12 in Table 2 is plotted, as shown
in Fig. 1. It clearly indicates that the chlorinating
rate of cerium increases with increasing chlorinating
time for n= 3 at 300 C, and appears peaks chlori-
nating rate at 350 C for 60 min and at 400 C for 45
min. The chlorinating rate of cerium decreases with
increasing chlorinating time for the experiments at
the reaction temperature of 450 C or higher. But the

maximum chlorinating rate is less than 40% for the
experiments of n= 3. For the experiments of n= 12
the chlorinating rate of cerium increases with increas-
ing chlorinating time at 300 ‘C. And the chlorinating
rate reaches about 80% at 90 min. At 350, 400 and
450 C, the chlorinating rate decreases with increas-
ing chlorinating time after it reaches the maximum.
At the higher temperature, the time to reach maxi
mum chlorination rate is shorter, and the total chlori-
nating rate is decreased. Since the chlorination of
CeO; and the thermal decomposition of CeCls are si-
multaneously existed, too high temperature or too
long reaction time may make the CeCl3 be decom-
posed. Therefore attention should be specially paid
that the maximum chlorinating rate appears at below
300 C. At the same time, the chlorinating rate of
lanthanum reaches 78% and that of cerium reach
50% at 250 C. The phenomenon is obviously against
saying that the decomposition of NH4Cl only occurs at
temperature higher than 328 ‘C. Therefore, in the
chlorination of Lay03 and CeO; in heating NH4Cl sys-
tem, not only the decomposed HCl but also the
NH4Cl take part in the chlorinating reaction with
process as follows:

La;03+ 2NH4Cl = 2LaOCl+ 2NH3+ H.O (6)

Table 1 Results of chlorinating LayOs3
by NH4CI at different roasting time

ap. %
6/ C n
15 min 30 min 45 min 60 min 90 min
3 3.2 9.9 9.8 9.4 8.4
6 6.0 15.8 26.6 17.8 15.8
200
9 9.9 30.2 38.3 19.3 17.0

12 10.8 44.3 40.2 31.6 30.2

3 32.3  24.3 50.4 51.2 53.2

6 37.3  36.7 53.2 78.4 T11.7

250
9 39.1 50.8 68.5 75.7 75.2
12 46.0 52.2 71.7 71.3 69.8
3 57.3  59.9 58.1 65.9 66.5
6 80.2 80.0 81.2 79.9 79.5
300
9 78.6 78.2 77.0 81.0 81.7
12 70.2  74.2 835 82.3 81.9
3 59.8 70.2 77.4 70.5 70.1
6 79.1 80.1 81.9 81.7 179.6
350

9 79.4 82.1 80.1 80.8 81.2

12 79.6 82.1 80.2 82.1 82.4
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Table 2 Results of chlorinating CeO, by NH4Cl 100  (a)
at different roasting time
acd % % 80f jo3ne
Y & = A—400C
15 min 30 min 45 min 60 min 90 min ‘é‘o 60 b o—450°C
3 3.8 6.8 15.2 19.9 24.2 b
£ 40t
6 6.6 10.7 25.0 28.8 35.2 =
250 o
9 9.8 13.6 28.7 30.3 50.8 O 201
12 9.9 17.4 34.0 48.8 52.2 ol .
3 12.1 18.8 22.3 28.0 37.9 20 40 60 80
6 25.7 32.7 40.3 60.3 62.5 Time/min
300
9 37.7 44.5 58.4 65.9 70.2 100 (b)
12 49.8 57.8 68.8 77.9 79.9 L 80t
Q
3 8.5 15.3 17.8 22.4 11.5 s
@ 60
6 15.5 21.4 34.7 43.2 42.2 =
350 2
9 34.1 46.6 45.8 51.7 59.9 s 407
-
o
12 52.8 54.5 64.5 59.5 68.9 8 a9t
3 11.4 12.7 14.4 13.3 0.2 +—450°C
0 -
6 35.1  36.9 41.2 37.2 17.4 - ! L . ' :
400 15 30 45 60 75 90
9 41.7 46.5 58.5 45.4 34.7 Tittielin
12 43.6 51.7 68.7 61.4 55.3 . o
Fig. 1 Ce chlorinating rate at
3 7.3 L.t 03 03 02 different reaction times
(a) —n= 3; (b) —n= 12
6 33.8 18.8 12.1 6.6 0.2
450

9 38.5 28.2 28.8 21.5 10.3

12 42.3 42,9 37.4 33.5 16.6

LaOCl+ 2NH4Cl = LaCls+ 2NH3+ H,0 (7)
CeO,+ 2NH4Cl= CeOCl+ 1/2Cl+ 2NH3+

H,0 (8)

CeOCl+ 2NH4Cl = CeCl+ 2NH3+ H,O0  (9)

The reactions(6) ~(9) illustrate that both LayO3

and CeO2 would be chlorinated below the decompos-

ing temperature of NH4Cl. All reactions above will be

further proved by the thermal decomposition experi-

ments of LaCl;*7H,0 and CeCls*7H,O0.

3.2 Chlorinating mechanism of La;Os and CeQO,

It is clear that the chlorination of LaxO3 and
CeO2 by NH4Cl is by no means completed. The chlo-
rinating rate only reaches about 80% even under their
optimal condition from the results in Tables 1 and 2.
It illustrates that decomposition of LaCls and CeCls
could play an important role in the chlorination on
other side. Therefore the investigation of thermal de-
composition of LaCl3 and CeCls is necessary and useful
to understand the mechanism of chlorinating LayO3

and CeOs.

By comparing the results of chlorinating LayO3
and CeO2 by NH4Cl in Tables 1 and 2, it is found
that the chlorination of the CeO; and La,O3 by NH4Cl
showed the same characteristics. But the CeO, con-
sisting of tetravalence cerium is more stable, and it
would determine the chlorination of light rare earth
such as lanthanum and cerium. Therefore the empha-
sis of the study should be applied to the thermal de-
composition of CeClz*7H,0.

The CeCl3*7H,0 sample was roasted for 30 min
at different temperatures, and the calcine was dis
solved into water and filtered. By analysis of trrva-
lence cerium in the filtered solution, the decomposi-
tion of CeCl3*7H,0 curve was obtained, as shown in
Fig. 2. The result shows that CeClz* 7H20 is easily
oxidized to tetravalence cerium in air and is partially
oxidized even at about 100 ‘C. Violent oxidization of
the CeCl3* 7H20 is observed at temperature near 210
‘C. These findings can be suitable to the hydrolysis of

trivalence cerium at the neutral condition'®:
Ce®" + 2H,0+ 0, —ACe(OH) 4 (10)
Ce( OH) 4 —CeO2+ 2H,0 (11)

Obviously the decomposition of CeCl3*7H,0
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Fig.2 Thermal decomposition of CeCl3*7H,0 at
different temperatures

at higher temperature include three steps: amrhydra-
tion, formation of intermediate and further oxidation
to CeO,, which is disclosed to the essence of chlori-
nating CeO,. A thermal decomposition experiment of
CeClz* 7TH,0 is further carried out. The DSC and
TGA curves are obtained at a warming-up velocity of
10 'C/min in air, as shown in Figs. 3 and 4.

201
10+
0_

109078 21010 C

173.17°TC

Thermal flow/(W-g™1)
1
o

_20 -
-25[
-30¢ 127.44°C 1
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Fig. 3 DSC curve of CeCl3*7H,0

The thermal decomposition and oxidization of
CeClz* TH,0 are multrstep process. It can be seen
that there are five obvious endothermic peaks in Fig.
3. The endothermic peak under 100 C is due to re-
moving of the adsorbed water. At the same time,
there are five mass loss stages in TGA curve of Fig.
4, which is in according with the endothermic peaks
of Fig. 3. The mass loss of the first stage is 1. 207
mg, which equals to the mass loss of four crystal waters
for CeClz * 7H,O. The total mass losses of the second,
third and fourth stage are 1. 547 mg, 1. 849 mg and 2.
158 mg respectively, which represents the loss of the
fifth, sixth and seventh crystal water of CeCls* 7H,0.
It should be paid special attention that the mass

Fig.4 TGA curves of LaCl3*7H,0 and
C6C13‘7H20
1 —m(LaCl3*7H,0) = 8.412 mg;
2 —m(CeCly* TH,0) = 6. 393 mg

loss of the fifth stage is 1. 159 mg. If the CeCls is ox-
idized to CeOCl, the mass loss should be 0. 939 mg,
and if the CeCls is oxidized to CeO,, the mass loss
should be 1. 272 mg. Therefore the fifth stage repre-
sents a mixed process, e.g. the products of the ther
mal decomposition in the stage should be the mixture
of CeOCl and CeO,, and can be represented as fol-

lows:

CeCly* 7TH,0 —CeCly* 3H,0+ 4H,0 (12)
C6C13'3H20 _)CeC13‘2H20+ HzO ( 13)
CeCly*2H,0 —CeCly*H,0+ H,0 (14)
C6C13'H20 _)C6C13+ HQO ( 15)

On the other hand, after the CeCl;* 7H,0 lose
seven crystal waters, the CeCls will further be oxi
dized to CeOCl and CeO;. Therefore, decomposition
of the CeClz* 7TH,0 at heating condition is a mixed
process of dewatering and oxidizing:

CeCls+ H,0 = CeOCl+ 4HCI (16)

CeClz+ O, = CeO2+ 3/2Cl, (17)

The same phenomenon is observed for the LaCls
*7H,0 in TGA curve of Fig. 4, but only three stages
appears. Their mass losses at each stage are 2. 460
mg, 0. 413 3 mg and 1. 180 mg, respectively. By
theoretical calculation, the mass loss of losing six
crystal waters for LaClz*7H20 should be 2. 446 mg
and the mass loss of further losing one water should
be 0.407 7 mg and the mass loss of forming interme-
diate LaOCI from LaCls should be 1. 190 mg. There-
fore the thermal decomposition of LaClz*7H,0 can be
represented by the follow ing reactions:

LaClz*7H,0 _)LaC13'H20+ 6H-,0 ( 18)
LaClz*H,0 _)LaC13+ H,0 ( 19)
LaCli+ Ho0 = LaOCl+ 2HCI (20)

The results illustrate that the thermal decompo-
sition of LaCl3*7H,0 and CeCl3*7H20 could produce
the intermediate LaOCl and CeOCl. But the thermal
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decomposition of CeClz*7H,0 forms the mixture of
Ce0O, and intermediate CeOCl. The chlorination of
La;03 and CeO2 with NH4Cl can be explained by the
formation of intermediates LaOCl and CeOCl,
then further transfers to LaCl; and CeCls, respective
ly. Furthermore LaClz and CeCl3 would be oxidized to
LaOCl and CeOCl or CeOs. Therefore in the chlori-
nation of Lay03 and CeO2 by NH4Cl the reaction tem-
perature and time should be strictly controlled. And it
is necessary that over-dosage NH4Cl should be applied

and

in the chlorination.

4 CONCLUSIONS

1) The chlorinating rate of La;O3 and CeO; with
NH4ClI can reach about 80% at 300 ‘C, and the chlo-
rinating reactions of LayO3 and CeO; can be represent-
ed as follows:

Lay03+ 2NH4Cl—2LaOCl+ 2NH3+ H,0

LaOCl+ 2NH4Cl—LaCl+ 2NH;3+ H,0

CeO2+ 2NH4Cl—CeOCl+ 1/2CL+ 2NH3+

H,0

CeOCl+ 2NH4Cl —CeCl3+ 2NH;3+ H,0

2) The thermal analyses of LaClz*7H,0 and Ce
Cl3*7H,0 illustrate that they start to anhydrate crys
tal water at about 120 C. Six crystal waters anhy-
drate firstly and successively the seventh crystal water
anhydrate for LaClz*7H,0, and four crystal waters
anhydrate and then anhydrate the fifth, sixth and
seventh crystal water for CeCl3*7H,0. LaCls and Ce-
Cls are further decomposed to the intermediate LaOCl
or CeOCl and CeO;. The results further prove the ex-
istence of LaOCl or CeOCl in the thermal decomposi-
tion experiment. Therefore in the chlorination of
La;O3 and CeO, by NH4Cl the reaction temperature
and time should be strictly controlled. Over-dosage
NH4Cl should also be applied in the chlorination.
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