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Abstract

Chlorination and carbochlorination processes have industrial applications in metallurgical activity for extraction and purification
of uncommon metals such as rare earth elements (REE). This study reviews the chlorination and carbochlorination reactions of
light REE (LREE) oxides with chlorine considering the thermodynamic, stoichiometric, and kinetic aspects of the reactions.
Lanthanides between lanthanum to gadolinium were considered as LREE, in agreement with previous literature, and the results
were detailed in this review. LREE were analyzed taking into account their oxidation states and were divided into three groups
accordingly. The results presented show that, although the LREE are chemically similar, their behaviors during the reactions with
Cl, and Cl,—C, and the different LREE-O—CI compounds formed, have particularities. It was observed that gadolinium, in both
thermodynamic calculations and experimental results, presents some differences, and it can be considered intermediate between
light and heavy REE; i.e., reactions between LREE,O5 and Cl,(g) begin at approximately 250 °C, except for Gd,Oj that begins at
327 °C. The present work will contribute to a better understanding of the chemistry of LREE oxides and Cl, under different
conditions and the products obtained in the LREE-O—Cl,(g) and LREE-O-C—Cl,(g) systems.
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1 Introduction

The International Union of Pure and Applied Chemistry
(IUPAC) defines as rare earth elements (REE) the set of 17
elements in the periodic table, including the 15 lanthanides
between lanthanum and lutetium plus scandium and yttrium
[1]. REE are usually divided into low atomic weight elements,
lanthanum to europium or gadolinium, referred to as the light
rare earth elements (LREE), and heavy rare earth elements
(HREE) gadolinium or terbium to lutetium and yttrium. This
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division is sometimes arbitrary and the term middle REE
(MREE) is also used to refer to those elements between euro-
pium and dysprosium. The definition of both groups is based
on the electron configuration of each REE but sometimes the
division may vary according to the considered property by
different authors [2]. For example, a difference between these
groups is LREE tend to occupy the larger sites of 8—10 coor-
dination number (CN) and occur as carbonates and phos-
phates, whereas HREE occupy CN: 6-8 sites and are abun-
dant in oxides and a part of phosphates. Based on Shannon’s
jonic radii, the effective ionic radii of La®>*—~Gd**(LREE) for
the CN: 8 (anion: oxygen atoms) are 1.18-1.07 A and those of
Y3* and Gd**—Lu**(HREE) are 1.015 and 1.07-0.97 A, in
this case gadolinium could be included in both groups [3].
Rare earth elements have attracted particular attention
due to their extensive use in many fields [4] and espe-
cially in emerging clean technologies and high technol-
ogy devices. Magnets, the principal application of REE,
are used in electronic, automotive, power generation,
medical, among other industries. These elements are
mostly supplied by China who dominates the REE mar-
ket because it has the capability to separate and process
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the REE concentrate and to manufacture REE-based
high performance magnets and electronics [5].

The extreme chemical stability of the rare earth oxides is
responsible for the rather complex and energy intensive
methods used for rare earth metal production. According to
the composition of the rare earth concentrate, different extrac-
tion—separation processes have been used involving hydro-
metallurgy, electrometallurgy, and pyrometallurgy. The ex-
ploitation of REE resources is also full of environmental is-
sues. One of the problems is due to radioactive elements such
as U and Th associated with REE minerals [6]. This scenario
makes it important to develop new strategies for REE produc-
tion, and chlorination and carbochlorination reactions arise as
possible processes to develop methodologies for extraction
and purification of these elements from different sources [7].

Since the 1990s, most of Ti and Zr have been obtained by
pyrometallurgical processes involving chlorination and
carbochlorination reactions [8]. In the past few decades, con-
siderable amounts of Nb and Ta have also been produced by
chlorination starting from ferroalloys [9, 10]. Less spread out is
the use of chlorination reactions on an industrial scale for waste
treatment and recovery of valuable metals from scraps, wastes,
and low grade ores, mostly due to economic inefficiency.
However, in the literature, there are many studies about chlori-
nation and carbochlorination of ores and metal oxides using
different gaseous chlorinating agents (dry method) in a labora-
tory scale. Among them, there are some related to separation,
recovery, and purification of REE. Rare earth chlorides are less
volatile than transition metal chlorides, and they have a very
similar volatility. For that reason, their separation has been
achieved by chemical vapor transport transforming them into
volatile complex adducts [11-16]. Some of the chlorination
agents used in the studies were Cl, [11, 13, 14, 17-37], CCly
[38-41], NH,4CI [42-53], and ZnCl, [54].

Finally, on a production scale, the Goldschmidt process has
been used in Germany since 1967 to obtain REE chlorides.
Pellets of bastnaesite ore and carbon were prepared and sub-
sequently chlorinated with Cl, at 1000—1200 °C. The chlo-
rides, separated according to their volatility, were free of tho-
rium chloride and any oxychloride and were suitable for the
production of the corresponding metal. The process was also
convenient for monazite, cerite, xenotime, euxenite,
fergusonite, and gadolinite ores.

In view of the state of the art of REE oxide chlorinations, it
appears useful and timely to perform an overview of the reac-
tions where Cl,(g) is used as the chlorinating agent. Xing et al.
[55], in their review about application of chlorination processes
for ore treatments, only included one work concerning REE ore
chlorination with gaseous chlorine. To the best of our knowl-
edge, this paper firstly and comprehensively summarizes a ther-
modynamics study to determine the thermodynamic viability of
the reactions between LREE oxides and chlorine. The pub-
lished studies about chlorination and carbochlorination of
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LREE oxides using Cly(g) as the chlorinating agent, involve
several properties, such as the initial temperature of reaction,
identification of the reaction stages, characterization of the
products (X-ray diffraction, scanning electronic microscopy,
energy dispersive spectroscopy, X-ray fluorescence spectrosco-
py, Fourier transform infrared spectroscopy, magnetic suscep-
tibility), kinetic determinations, among others.

The reaction that occurs in most of the LREE oxide-
chlorine systems is the chlorination of REE,O3 to produce
REE oxychloride, and the kinetic parameters of this reaction
for La, Sm, Nd, Eu, Gd, and Y have already been obtained. In
the present review, which is focused in the chlorination and
carbochlorination reactions of LREE oxides with Cly(g), in-
cluding lanthanide oxides between lanthanum and gadolini-
um, previous results are thoroughly analyzed together and
compared.

2 General Consideration

For the thermodynamic analysis of the reactions between
LREE oxides and chlorine, it is necessary to subdivide this
group according to the possible oxidation states that the lan-
thanide can acquire. In general, all lanthanides have the 3+
oxidation state as dominant; however, deviations are observed
throughout this group. Thus, some LREE are only observed
with this oxidation state (3+), and others can be with 4+ and/
or 2+ oxidation states. It should be noted that promethium
will not be analyzed because this element is not present in
nature [56].

Thermodynamic calculations were performed using the
HSC Chemistry 6.1 software for Windows [57].

Group I: In this group LREE with 3+ as the only possible
oxidation state are considered, either in inorganic materials
(oxides, salts, etc.) or as ionic species in solution (Ln3+). As
long as the electronic structure of lanthanum is [Xe]5d'6s, it
is easy to explain the existence of the 3+ oxidation state be-
cause it corresponds to the loss of the three outer electrons.
Assuming that the 5d'6s” electrons were retained across the
series of atoms from [Xe]5d'6s” to [Xe]4f'*5d'6s” and that
moving across the lanthanoids corresponds to filling the 4f
shell, the predominance of the 3+ oxidation state could be
explained as: each atom could lose the 5d'6s” electrons to
form the tripositive ion. In this work, lanthanum and gadolin-
ium are considered LREE of group 1.

Group 2: A deviation from the 3+ rule as the most stable
oxidation state is cerium, which exhibits the 4+ state as the
most stable in oxide (CeO,) and in solution (Ce**). This ele-
ment achieves the electronic configuration of the noble gas
xenon, which has high electronic stability. Also praseodymi-
um can be located in this group, which forms oxides and other
compounds with mixed oxidation states between 3+ and 4+,
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being PrsO,; and minerals with a similar 3+/4+ ratio found in
nature.

This behavior is shown in Fig. 1, which are the phase sta-
bility diagrams of the Ln—O systems at constant partial pres-
sure of nitrogen (pN>(g) = 1072° atm) as inert gas for Ln : Ce
and Pr. By lowering the partial pressure of O,(g), the oxida-
tion states vary from Ln** to Ln**, enabling the production of
a family of oxides: LnO,, Ln,Oy, Ln,O3, where Ln,Oy repre-
sents oxides with mixed oxidation states Ln** and Ln**.
Considering an oxygen pressure of 1 atm, it can be observed
that the predominant stability area for Ce is CeO, for all tem-
perature ranges, and for Pr is PrO, for temperatures lower than
500 °C, and Pr4O;; between 500 and 1000 °C. The
praseodymium-oxygen system is notable for its multiple stoi-
chiometries and several intermediate oxidation products have
been reported, usually using a general formula PrO,,.

-20 -k

-30 -k

log [pO,(g) (atm)]

-40 -k

Ce

T PN S A SRS S
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

-10 -

-20 -

-30 -

log [pO,(9) (atm)]

-40 -

Pr

S5
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 1 TPP diagrams of the a Ce—O and b Pr—O systems for temperatures
between 0 and 1000 °C

It is noticed that when the oxygen potential is lowered,
mixed oxides are formed in the studied temperature range,
and subsequently, Ln,O; is formed. Finally, metal Ln is ob-
served at log pO>(g) < —50 and at approximately 780 °C in
both lanthanides.

As shown in the phase stability diagram, the oxidation of
lanthanide is a four-step reaction for cerium and a three-step
reaction for praseodymium that involves the oxidation reac-
tion of metal to oxides with oxidation state 3+ (Ln,0s3), sub-
sequently, the oxidation of Ln,O3 to form oxides with mixed
oxidation state 3+ and 4+. Finally, the formation of oxide with
Ln** is observed (LnO,) by reaction of O,(g) with mixed
oxides. The mixed oxides are Ce;0;, and CesO;;, and
Pr¢Oq; for Ce and Pr systems, respectively.

Group 3: The special characteristic of the LREE of this group is
that they can present the 2+ oxidation state in addition to 3+.
Neodymium, samarium, and europium can be found in this
group. Europium exhibits the 2+ state, achieving the stability
of a half-full shell. This characteristic is also observed in the
phase stability diagram for europium (Fig. 2), where an area of
stability is observed for the oxide with oxidation state 2+ (EuO)
for partial pressures of oxygen between 10" and 10 atm and
temperatures between 525 °C and 1000 °C, respectively. The
presence of LnO is not observed for neodymium and samarium
in the range of temperatures and pressures analyzed. Europium
monoxide is known, but there are doubts about the existence of
other low oxygen species. Furthermore, this property of europi-
um can also be seen comparing the AG’; (formation Gibbs free
energy change) for lanthanide sesquioxides. There is a gradual
decrease in this value with increasing atomic number Z (from
—1508.8 to —1538.8 kJ mol ' for La and Gd, respectively), ex-
cept for Eu,O;, which has a higher AG value (-1355.1 kJ
mol ) than the other LREE.

3 Chlorination Reaction with Chlorine
3.1 Thermodynamics Analysis
3.1.1 Phase Stability Diagrams

The phase stability diagrams show stability (predominance)
areas of condensed phases in a ternary system under isother-
mal conditions, with the remaining constraints as the other
axis. These diagrams are very useful when a fast estimation
of'the prevailing phases is needed. It is assumed that all phases
are pure substances. Mixed phases are not taken into account
in basic phase stability diagrams. Moreover, phase diagrams
are valuable tools for understanding the complex solid-state
phase transformations in multicomponent systems, for exam-
ple, to find the best conditions for chlorination reactions in the
present review.
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Fig.2 TPP diagram of the Eu—O for temperatures between 0 and 1000 °C

The phase stability diagrams are calculated taking into ac-
count a series of reactions between the condensed phases and
their feasibility to occur according to their AG at 400 °C and
varying partial pressures of chlorine and oxygen. This temper-
ature was chosen because different studies have reported that
several chlorination reactions of uncommon metal oxides such
as LREE, transition metals such as zirconium and iron oxides,
among others, can occur at that temperature [43, 58].

Group 1: La and Gd The reacting system considered has
0,(g)—Cly(g) atmosphere and solid phases containing Ln for
Ln : La, Gd. The following reactions were taken into account
for calculating the phase stability diagrams:

Ln(s) + 3/2 Cly(g) = LnCls(s) (1)
2Ln(s) + 3/2 0,(g) = Lny03(s) 2)
Ln(s) + 1/2 Cly(g) + 1/2 05(g) = LnOCI(s) (3)
LnyO5(s) + 3Cly(g) = 2LnCls(s) + 3/2 04(g) 4)
LnOCI(s) + Cly(g) = LnCls(s) + /2 O4(g) (5)

1/2Lny05(s) + 1/2Cly(g) = 1/4 O2(g) + LnOCl(s)  (6)

@ Springer

Figure 3 shows the stability field diagram of ternary Ln—O
—Cl computed from thermodynamic data for Ln: La and Gd. It
is noticed that the stable condensed phases at 400 °C for these
systems are metal and oxide (Ln,O3), oxychloride (LnOCI),
and chloride (LnCls) in which the lanthanide has a 3+ oxida-
tion state, in agreement with previous considerations. There
are two invariant points (triple points) in the diagram: (a) Ln-
Ln,03-LnOCl, which results from the intersection of the equi-
librium lines Ln-Ln,03 and Ln,O5-LnOCI; and (b) Ln-
LnOCI-LnCls, which results from the intersection of the equi-
librium lines Ln-LnOCI and LnOCI-LnCl;.

In a chlorination reaction under experimental condi-
tions such as pCl, = 1 atm (log pCl, = 0) and 400 °C,
according to the stability diagrams, LnCl; is the most
stable species when log pO,(g) < 0, while for higher
oxygen partial pressure it is LnOCl. The diagram indi-
cates that Ln,O3 and LnCl; do not have a thermodynamic
equilibrium; consequently, LnOCI has to be formed prior
to the formation of LnCl; from Ln,O3. Hence, the chlori-
nation reaction of Ln,O3 with direct formation of LnCls
and O,(g) evolution does not represent a true equilibrium.
As can be seen, the region of Ln and LnCl; (which in-
volves reaction 1) only depends on pCl,, whereas the
equilibriums between Ln,O3; and LnOCI (reaction 6) and
LnOClI and LnClj; (reaction 5) depend on both pO,(g) and
pCly(g). These two lines have a slope of 2. There are
some differences between the La and Gd systems, mainly
in the equilibrium between the phases Ln,O3 and LnOClI,
which is shifted to higher values of pCl, in the Gd sys-
tem. This means that a higher value of chlorine partial
pressure is needed to carry out reaction 6 for the lantha-
nide oxide with higher atomic number, being possible at
log pCl, around —15 and —6 for La and Gd, respectively,
when log pO, = 0.
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Fig.3 Phase stability diagram for ternary Ln—O—Cl systems (Ln: La, Gd)
at 400 °C
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Group 2: Ce and Pr Figure 4 shows the stability field diagram
for the ternary Ln—O—ClI system, computed with the thermo-
dynamic data from Ln: Ce and Pr. The condensed phases
stable at 400 °C are the same as for group 1, and the oxides
are LnO, and Ln,0O4; (for praseodymium PrsO;; was consid-
ered in the calculations but is not thermodynamically feasible
to be formed).

In addition to the reactions discussed for group 1, the fol-
lowing reactions should be taken into account for Ln : Ce, Pr
due to the presence of compounds with 4+ oxidation state
such as mixed oxides and LnO:

Ln(s) + Os(g) = LnOx(s) )
7LH(S) + 602(g> = LH70]2(S) (8)
Ll’lOg(S) + 3/2 Clg(g) = Ll’lC13(S) + Oz(g) (9)

7LnCls(s) + 60:(g) = Ln;O;2(s) + 21/2 Cly(g) (10)

LnO,(s) + 1/2 Cly(g) = LnOCI(s) + 1/2 O5(g) (1)

Ln;015(s) + 7/2 Cly(g) = 7 LnOCI(s) + 5/2 0,(g) (12)

LIlQOg,(S) + 1/2 Og(g) =2 LHOQ(S) (13)
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Fig. 4 Phase stability diagram for ternary Ln—O—Cl systems (Ln: Ce, Pr)
at 400 °C
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Ln;012(s) 4+ 02(g) = 7LnO:(s) (14)
7/2L1’1203(S)+3/4 Oz(g) :Ln7012(s) (15)

Formation of lanthanide tetrachlorides is not included in
the analysis because no conclusive evidence on their existence
has been reported and no simple lanthanide tetrachlorides are
known [56, 59, 60].

There are five triple points in the diagram: two of them
were also observed in group 1 (Ln-LnCl;-LnOCI; Ln-
LnOCI-Ln,05) and the other three are due to the presence of
compounds of Ln**: LnCl5-LnOCI-LnO,; LnOCI-LnO,-
Ln;O;,, and LnOCI-Ln,05-Ln,01,. As can be seen, the oxide
regions (Ln,O3, Ln;0,, and LnO,) depend only on pO, and
the equilibrium between these phases is in agreement with the
oxides stability diagrams (Fig. 1). The equilibrium regions
LnOCI and LnCl; depend on both pO,(g) and pCly(g).

The diagram indicates that neither Ln,O3 nor Ln,O;, have
thermodynamic equilibrium with LnCl;. For that reason,
LnOCI has to be formed prior to the formation of LnCl; from
Ln,O3 and Ln;0;, with evolution of O,(g) through reactions
6 and 12, respectively. Moreover, if the pO, is high enough,
formation of oxides in high oxidation states through reactions
13 and 14 is possible, followed by formation of LnCl; and
0,(g) evolution according to reaction 9. In this group, unlike
group 1, thermodynamic equilibrium between the oxides and
LnCl; exists at log pO, > —20.9 and 3.2 and log pCl, > —10.7
and —0.2 for CeO, and PrO,, respectively.

Group 3: Nd, Sm, and Eu In addition to the reactions presented
in group 1, the following reactions should be taken into ac-
count for Ln : Nd, Sm, Eu due to the existence of chlorides
with 2+ oxidation state (LnCl,), to calculate the Kellogg sta-
bility field diagram of Fig. 5:

Ln(s) + Cla(g) = LnClx(s) (16)
LnCl,(s) + 1/2 Clz(g) = LnCl;(s) (17)
LmOs(s) + 2Ch(g) = 2LnCly(s) + 3/202(5)  (18)
LnOCI(s) + 1/2Cl»(g) = LnCl,(s) + 1/20:(g) (19)

For Eu, the oxide EuO should be included, which can in-
volve the following reactions:

Eu(s) + 1/2 0:(g) = EuO(s) (20)
EuO(s) + Clo(g) = BuCly(s) + 1/2 Os(g) o1)
EuO(s) + 3/2 Clz(g) = EuCl;(s) + 1/2 Oz(g) (22)
2 EuO(s) + 1/2 O5(g) = Eu,03(s) (23)
EuO(s) + 1/2 Cly(g) = EuOClI(s) (24)

@ Springer
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Fig. 5 Phase stability diagram for ternary Ln—O—Cl systems (Ln: Nd,
Sm, Eu) at 400 °C

For Nd and Sm, three triple points were determined, one in
addition to those in group 1, which is LnCl,-LnCl;-LnOCL
For Eu the triple points calculated are different due to the
presence of EuO in the diagram (Eu-EuCl,-EuO; EuCl,-
EuCl;-EuOCl; EuCl,-EuO-Eu,03; EuCl,-Eu,O5-EuOCI).

3.1.2 AG Comparison of Ln,0; and LnOCI Chlorination

Figure 6 shows the Ellingham diagram for reaction 6 that
summarizes the evolution of the standard free energy changes
per mol of chlorine, AGO, as a function of temperature be-
tween 0 and 1000 °C. This reaction has been experimentally
identified and reported in several chlorination studies [17-24].
Furthermore, for Ln,O5 under chlorine atmosphere, reaction 6
is thermodynamically the most feasible reaction to occur ac-
cording to previous discussion. For that reason, its analysis is
important.

150

100 +
50 HREE (Tb, Er, Y) br

AG’ (kJ/molCl,)

Ln,0, + Cl,(g) = 2LnOCI + 1/20,(g)

T T T T T T T T
0 200 400 600 800 1000
Temperature (°C)

Fig. 6 AG® vs. T for reactions of Ln,O5 with Cly(g) with formation of
LnOCI between 0 and 1000 °C
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When comparing the energy of multiple reactions involv-
ing the same set of species within a given system, those with
lower Gibbs free energy value would preferentially occur; this
concept is used to theoretically predict the behaviors in the
systems of the present work. However, experimental results
could change due to kinetic aspects.

For a better understanding, HREE oxides (Tb,0;, Er,0;
and Y,O3) were considered in addition to the oxides discussed
above (LREE oxides).

The first observation is that all LnyO53 (Ln: LREE) chlori-
nation reactions with LnOCI1 formation are feasible thermody-
namically in all the temperature ranges studied (they have
AG® value lower than zero), except for Pr,O5 chlorinations,
which have AG® > 0 at temperatures higher than 825 °C. It
can be seen that for these reactions, the AG® value decreases
with Z for T < 300 °C, while for T > 300 °C there are some
deviations, mainly in oxides of group 2 (Ce and Pr). When the
HREE oxides are included in the analysis, in contrast to
LREE, these elements have a very similar behavior; the reac-
tions have AG® < 0 for temperatures lower than approximate-
ly 500 °C and AG® > 0 for higher temperatures. Furthermore,
AG® values for LREE oxide chlorinations are lower than
those for HREE, indicating that chlorination reactions of
LREE are thermodynamically more feasible to occur than
chlorination of HREE. This difference can also be considered
when defining the division between REE and to include gad-
olinium in the LREE group.

In a flow reactor, the expected products to be formed can be
analyzed considering the following equations that relate the
standard-state Gibbs free energy of reaction with the Gibbs
free energy at any point in a given reaction (not necessarily at
standard-state conditions):

AG, = AG® + RTInQ (25)

Being Q for solid—gas reactions (considering the activities
of pure condensed species equal to 1):

_1Lp
[1,p
With [],p/. the product of the partial pressures of the gas-

eous reaction reactants raised to each stoichiometric coeffi-
cient j for a given reaction and pr;, the product of the partial

0 (26)

pressures of the gaseous products raised to each stoichiometric
coefficient i. By understanding the relationship of Q, and equi-
librium constant K, one can shift the equilibrium in order to
enhance product formation by increasing the number of moles
of reactants or by continuously removing the products.

In reaction 5, all gaseous reaction products are removed
from the reaction vessel by the flow of reactant gas (which
can be considered constant), thus reducing the value of Q. For
this reason, reaction 5 was analyzed according to Eq. 25
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and 26. During LnOCI chlorination in a continuous flow re-
actor, the partial pressures of the reaction products will tend to
zero if they occur with LnCl; evaporation, whereas the partial
pressure of the chlorination agent will remain constant.

For this reason, AG, values were calculated for tempera-
tures higher than 700 °C, using LnCl; vapor pressure values,
which allow its evaporation during LnOCI chlorination (reac-
tion 5). This partial pressure of gaseous products was chosen
taking into account the order of the O, partial pressure value in
commercial nitrogen or argon gases used as purge gas before
chlorination reactions, and is also in the order of the vapor
pressure values of the chlorides at the temperatures consid-
ered. Table 1 shows AG,; values calculated for product pres-
sures of 10™* atm and La, Nd, and Gd systems (as examples of
extreme and intermediate LREE). It can be observed that re-
action 5 can occur for temperatures higher than 700, 800, and
900 °C for La, Nd, and Gd systems, respectively, due to the
equilibrium displacement according to Le’ Chatelier princi-
ples caused by the removal of gaseous species. These results
indicate that chlorination reactions of LREE oxychloride with
trichloride formation are thermodynamically more feasible to
occur when LREE atomic number decreases; this behavior is
important to be considered for separation of LREE chlorides
using chlorination with Cl,(g).

3.2 Analysis of Experimental Results

3.2.1 Preliminary Considerations: Initial Sample and Reaction
Equipment

In order to compare the chlorination reactions of different
LREE oxides, it is necessary for the reaction conditions to
be equivalent. For this reason, effects that influence solid—
gas reactions should be known such as initial mass, sample
morphology and purity, gas reaction flow rates and partial
pressures, role of mass transport processes (whether they in-
fluence the global reaction or not), among others.

There are studies about chlorination of LREE oxides, main-
ly LREE,Os;, also called sesquioxides, and several of them
were carried out in our laboratory such as La,0Os, Nd,O3,
Pr203, Sm203, EU203, and Gd203 [17*23] In addition,

Table 1 AG; for LnOCI chlorination with Cl,(g) and formation of
LHC13

AG(kJ mol™) La Nd Gd

T (O

700 -14.2 21.0 29.9
800 —41.5 —4.5 4.6
900 —68.7 -29.8 -20.5
1000 —95.7 =55.0 —454

chlorination studies of others oxides have been published such
as CeO, and prascodymium mixed oxides [23, 25].

LREE,O3 are unstable in air at ambient conditions,
forming hydroxides and oxycarbonates, especially La, Nd,
and Pr. Decomposition of lanthanide hydroxides begins to
occur at approximately 200 °C and proceeds through two
reactions (except for Ce and Pr):

Ln(OH);(s) = LnOOH(s) + H,O(g) (27)
LnOOH(s) = /2 Ln;03(s) + 1/2 H,0(g) (28)

Whereas decomposition of lanthanide oxycarbonate begins
to occur at approximately 600 °C and progresses through the
following reaction:

Ln,0,CO5 (S) = Ln, 05 (S) + CO, (g) (29)

Various investigations have been carried out to study the
decomposition of lanthanum hydroxide or oxycarbonate and
of neodymium hydroxide or oxycarbonate. Haibel et al. stud-
ied the decomposition of carbonated lanthanum hydroxide
(La(OH)CO3). Two reactions were identified as thermal de-
composition of La(OH); and thermal decomposition of
La(OH)CO; [17, 61].

When oxides of group 2 (Pr and Ce) are calcinated at high
temperature in air, their behavior is different from the above
discussed because stable oxides CeO, and PrgO;; are obtain-
ed. Pr,O; was synthesized by reaction of PrgO;; in Ar-5%
H,(g) atmosphere at 970 °C; Pr,O; and PrgOq; are the only
praseodymium oxides stable at room temperature and these
two oxides were used in the chlorination studies [23].

Due to their room temperature instability, the analytical
oxides used for chlorination studies between [17, 24] were
treated at temperatures higher than 600 °C before the chlori-
nation reactions [17-24]. The initial oxides after calcinations
treatments were morphologically characterized by scanning
electron microscopy and, in general, the initial sesquioxides
were formed by particles with sizes lower than 10 pm.

Various studies have been conducted on the crystalline
structure of REE sesquioxides and their phase transforma-
tions. Below 2000 °C, the sesquioxides can exist in three
crystal systems: the cubic C-type, the monoclinic B-type,
and the hexagonal A-type. With increasing temperature, the
stability of the structures is generalized by the order C — B
— A. Under ambient conditions, the A-type oxide is preferred
for lanthanum to promethium, while samarium, europium,
and gadolinium can adopt either the B or C-type structures.
The crystal structure of the B-type is known to be stable in
Sm, 05, Eu,05, and Gd,05 above temperatures of 800, 1200,
and 1400 °C, respectively, at normal pressure. Usually, chlo-
rinations of LREE oxides were carried out at temperatures
lower than phase transition of oxides as will be detailed later
[62, 63].
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Typical non-isothermal and isothermal thermogravimetric
analysis (TGA) under chlorine/argon atmosphere, using a
thermobalance, have been performed to study LREE oxides
chlorination. Generally, non-isothermal reactions are carried
out to determine initial temperature, reactivity, and reaction
stages, and isothermal reactions are used to obtain kinetic
parameters such as activation energies, reaction order, and
reaction models. The chlorination reactions discussed in the
present review were studied using the same experimental sys-
tem (TGA), except for praseodymium oxides chlorinations
[23], which were analyzed by gravimetry and XRD-Rietveld
analyses using a fixed-bed reactor.

The abovementioned strategy for analyzing thermal analy-
sis data is sophisticated and requires a deep insight into the
processes taking place inside the thermal analysis apparatus.

3.2.2 Initial Temperature and Reaction Stages
for LREE,03—Cl,(g) Systems

From non-isothermal reaction for LREE,Oj3 chlorinations
with Cly(g), the initial temperatures were determined and the
results indicated that these reactions begin at approximately
250 °C for La, Pr, Nd, Sm and Eu, and at 327 °C for Gd. Only
one HREE sesquioxide was chlorinated (Y,O03 [24]) with
Cly(g), and this reaction begins at 600 °C. The initial temper-
ature for LREE,O5 chlorination with Cl,(g) can also be con-
sidered in defining the division between REE; gadolinium
being an element intermediate between LREE and HREE.
All these reactions start with mass gain until temperatures
above 850 °C, where their behavior switches to mass loss.

In agreement with the relative mass changes observed in
TG data, for La203, Nd203, Sm203, EU.203, and Gd203, the
reactions involved are the following:

LnyOs(s) + Cly(g) = 2LnOCI(s) + 1/205(g) (30)
LnOCI(s) + Clz(g) = LnCl;(1) + 1/20; (31)
LnCl;(1) = LnCl;(g) (32)

The only solid compound obtained is oxychloride for all
the investigated LREE,O5—Cl, systems. No trichloride was
ever observed in the crucible in any stage of these reactions,
indicating that the rate of reaction 31 is lower than the rate of
reaction 32. Moreover, chloride evaporation is enhanced due
to the gas flow condition during the chlorination reactions.

The proposed mechanism has been confirmed with exper-
iments in which the flow of chlorine was cut off after some
time of reaction while maintaining the sample at high temper-
ature in Ar. Under argon atmosphere, no further mass change
was observed, and the product in the crucible after cooling
was found to be oxychloride (confirmed by XRD). These
results demonstrated that the mass loss occurring in chlorine
is not due to oxychloride decomposition but is due to
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oxychloride chlorination and subsequent chloride evapora-
tion. The highest temperature analyzed under argon atmo-
sphere was 950 °C, showing that until that temperature, the
oxychlorides of La, Eu, Nd, and Gd are stable.

Oxychloride chlorination given by reaction 31 occurs at
temperatures higher than 800 °C (i.e, La [17], Eu [21], Gd
[22]). In previous studies from our laboratory, it was deter-
mined that in the thermogravimetric experimental setup under
a continuous flow that removes the gaseous products, volatil-
ization is significant when the vapor pressure of the chloride
exceeds a value of 10 atm [64]. Figure 7 shows the vapor
pressure of LnCl; calculated from the equilibrium constant of
reaction 32. The corresponding values were obtained using
HSC Chemistry software 6.1, except for the SmCl; data which
were extracted from the work by Scardala et al. who measured
vapor pressures at temperatures between 680 and 804 °C [65].

In Fig. 7, it can be seen that the vapor pressures of the
trichlorides are higher than 0.25 x 10* bar for temperatures
higher than 850 °C. Consequently, volatilization of the chlo-
rides is expected for these temperatures.

There are two unusual behaviors in the chlorination of ox-
ides of group 2 reported in the literature. According to TPP
diagrams of the Ce—O(Fig. 1a), the most stable oxide for this
system is CeO, at temperatures between room temperature
and 1000 °C and for pO, > 10" atm. For that reason, it is
interesting to study the reaction between this oxide and Cl,(g).
Esquivel et al. [25] investigated the chlorination of cerium
dioxide by thermogravimetry. They concluded that the evolu-
tion of the chlorination reaction is given by reaction 9, follow-
ed by vaporization of CeCl; (reaction 32) for temperatures
higher than 800 °C. These results are in agreement with the
thermodynamical analysis (Fig. 4), where there is equilibrium
between cerium dioxide and cerium chloride, and with CeCls
vapor pressure calculation (Fig. 7), pVCeCl; = 4.6%10°° bar
at 800 °C.

3.0
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2.5 4

10* p LnCl, (bar)

0.5+ /
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Fig. 7 Vapor pressure of LnCl;
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In addition to cerium, praseodymium also has different
stable oxides other than sesquioxide between room tempera-
ture and 1000 °C (see Fig. 1b); PrgO;; being the most stable
oxide (except for T < 500 °C and pO, > 1 atm). The chlori-
nation of mixed praseodymium oxide PrsO;; with chlorine at
1 atm was investigated [23]. This reaction begins at approxi-
mately 320 °C with formation of praseodymium oxychloride.
However, if it is considered that the oxychloride is PrOCI, a
mass gain of AM/mi = 13% should be observed, and the
authors obtained higher values. This behavior will be ex-
plained below in the oxychloride characterization section.

3.3 Kinetic Analyses

Reactions between gases and solids involve several complex
interdependent stages such as gas phase mass transfer, diffu-
sion of the gaseous reactant, adsorption, chemical reaction
(breakage and formation of chemical bonds), diffusion of a
gaseous product out of the solid particle, among others. There
is vast literature on kinetic analysis of gas—solid reactions, a
summary of the many quantitative and mathematical descrip-
tions developed throughout the years, starting from the
shrinking-core-based grain models [66] and the shrinking-
pore-based-models [67] up to the more recent rate equations
proposed is provided by Li et al. [68]. Generally, these models
use different approximations such as negligible bulk flow con-
tribution, negligible mass transfer resistance, irreversible reac-
tion, etc. [69—71]. Another approach extensively used in gas—
solid reactions are the nucleation and growth models initially
developed for transformations in condensed matter [72—77]. It
is well acknowledged that the chemical transformation of a
solid is possible due to nucleation and growth of the product
phase at the expense of the initial one. In the case of solid—gas
reactions, the nuclei appear at the surface of the solid reactant
phase.

If sample mass and gas flow effects are excluded, the clas-
sical rate equation of a heterogenous solid—gas reaction can be
written, assuming separability of variables, as:

% k(1) F(Pay) Glo) (33)
where K(T) refers to an Arrhenius type equation, F(P¢pp) ex-
presses the dependence of the reaction rate on the chlorine
partial pressure, and G(«) is the function that describes the
geometric evolution of the reacting solid.

The first condition to reach in order to carry out a kinetic
study is called “chemical control of the reaction rate”, in
which mass transfer processes such as reaction gas starvation,
diffusion through the boundary layer surrounding the solid
sample, diffusion through sample pores are disregarded. For
this reason, it is important to find the experimental conditions
under which the reaction proceeds under chemical control.

These conditions for Ln,O3 (Ln : La, Nd, Sm, Eu, and Gd)
and PrsO,, were determined for the chlorination kinetic stud-
ies previously published [17-23].

Under “chemical control conditions,” the reaction rate de-
pends only on the intrinsic chemical reaction. The intrinsic
reaction parameters: activation energy, dependence of the re-
action rate on the chlorine partial pressure, and reaction mech-
anism were determined.

The reactions degree versus time curves obtained for these
reactions have a “sigmoidal shape”, which is characteristic of
a process where the products are formed following a nucle-
ation and grow mechanism. Therefore, these systems were
fitted according to the Johnson—-Mehl-Avrami (JMA) model
according to the following equations [75, 76]:

a=1—exp(=[k(T)-1") (34)

K(T) = ko exp (R‘E;) (35)

o

where k(7) is the global rate constant (other than K(7) in Eq.
33), ky is the pre-exponential factor, Ea is the effective activa-
tion energy, and n is the JMA exponent. Three parameters
k(T), Ea, and n depend on the nucleation and growth
mechanisms.

Table 2 summarizes kinetic parameters published for
Ln,O5; (Ln : La, Nd, Sm, Eu, and Gd) and Pr¢O;; chlorina-
tions with chlorine and formation of lanthanide oxychlorides,
determined by isothermal thermogravimetry carried out with
the same reaction equipment (except for PrgO;;). It can be
observed that there are not great differences between these
systems; however, due to the high initial temperature of
Gd,O5 chlorination, the chemical control was achieved at
higher temperature. JMA exponents (n) are approximately
1.5 for all systems; this value is consistent with a three-
dimensional growth and site saturation [75]. The order of par-
tial pressure of chlorine increases with Z.

In recent years, with the use of simulation software, and
powerful computational calculations, more general approches
for kinetic modeling have arisen in which the rate takes the
following expression [78]:

(1P, (36)
t

where the variations of the overall rate with time are described
by the S, function (related to the model of transformation),
whereas those with temperature (T) or partial pressure (P;) are
described by the ¢(T, P;) function (reactivity of growth func-
tion), which accounts for the mechanism of growth (the ele-
mentary steps for a mechanism of growth are: adsorption/de-
sorption, external interface reaction, internal interface reac-
tion, diffusion of species from an interface to the other). The
main advantage of this mathematical treatment is that it can be
applied to processes where the rates of nucleation and growth
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Table 2 Kinetic parameters for

Ln,O; (except PrgOyq) La,0; PrsO1y Nd,0; Smy03 Eu,03 Gd,03
chlorination with Cl,(g) and
formation of lanthanide T Chemical control 325 425 425 350 400 450
oxychloride Ea (kJ mol ) 113 105-123 161 130 115 132
pCl, order 0.23 — 0.39 — 0.54 0.77
n JMA 1.46 - 1.5-2 1.5 1.45 1.6
Ref [17] [23] [18] [19,20] [21] [22]

are of the same order (they occur simultaneously) leading to a
two-process kinetic model. Equation 34, on the contrary, is
only applicable in the case of instantaneous nucleation and
growth, or nucleation and instantaneous growth, i.e., one-
process kinetic model.

With Eq. 36, kinetic models can be developed based on the
choice of different physical assumptions. The corresponding
do/dt (or o) vs. time curves can be fitted to the experimental
results using numerical opitmization procedures.

The kinetic results previously obtained for the LREE chlo-
rinations presented in Table 2 showed no conflict with these
new investigations, with the exception of Sm [22, 23]; in this
case, variation of the activation energy with temperature was
found. Applicability of Eq. 33 (i.e., separation of variables),
should be experimentally probed to confirm the results obtain-
ed, and in case the assumption is not fulfill, application of Eq.
36 should lead to the corresponding results. However, those
calculations are beyond the scope of the present work.

Finally, it is worthwhile to mention that the La,0;—Cl,
system shows an unusual behavior at temperatures higher than
350 °C: the specific reaction rate increases with sample mass.
This could be related to the formation of highly reactive gas
intermediates such as chlorine radicals in the La,05—Cl, in-
teraction. These species have been reported by Pasquevich
etal. [79, 80] in the carbochlorination of ZrO,, which showed
the same behavior. In the case of La, although the behavior
can be explained considering formation of chlorine radicals,
the presence of this species remains to be demonstrated.

4 Light Rare Earth Oxychlorides
Characterization and Stability

As was explained in LREE oxides structures, the structural
preferences across the lanthanide series can be explained con-
sidering lanthanide contraction. For later lanthanides that crys-
tallize in layered SmSI and YOF structure types, the local
coordination environment (hexagonally close-packed Ln and
X layers with O atoms in tetrahedral holes between subse-
quent Ln layers) is preserved in both structures [81]. In accor-
dance with this observation, various studies have determined
the crystalline structure of LREE oxychlorides. Zachariasen in
1949 [82], and later Templeton [83] reported that LnOCI
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crystallizes in the tetragonal system with the Matlockite-
type(PbFCl) structure (space group: P4/nmm). LnOCI struc-
tures were confirmed and analyzed by Holsd et al. In the
structure, Ln>* ion bonds four oxygen and five chlorine atoms
and the Ln-O (x4), Ln—Cl (x4), and Ln—Cl (x1) distances
decrease linearly as a function of the Ln** ionic radius [84].

Lanthanide oxychlorides were also characterized by IR
[85] and Raman [86] spectra, in these studies 15 total optical
infrared fundamental modes and six Raman bands were pre-
dicted. Five peaks that are in agreement with a tetragonal
structure were detected.

Due to the changes to chemical and electrical structure,
corrosion resistance, and luminescence properties, among
others, for different grain sizes in alloys, it is important to
know the size of LnOCIl produced by LREE oxides chlorina-
tion. Generally, there was an equivalence between the size of
oxychlorides synthesized by reaction of Ln,O3 with Cl,(g). It
was observed by SEM that the oxychlorides grains are smaller
than those obtained at higher temperatures (higher than LnCly
melting point); this observation agrees with the behavior ex-
pected for a nucleation and growth reaction mechanism. The
average size of LnOCI produced at around 250 °C was of
approximately 2 pm, whereas it was lower than 0.5 um for
chlorination at temperatures higher than 900 °C [17-23].

There are two non-stoichiometric oxychlorides reported in
the literature: praseodymium and europium oxychlorides. The
products of PrsO;; with Cly(g) at 425 °C and of Eu,05 and
NH,4CI at 450 °C (crystallized at 750 °C) were characterized
by different techniques (X-ray diffraction, Mossbauer spec-
troscopy, magnetic susceptibility measurements, and X-ray
photoelectron spectroscopy). Aitasalo et al. established the
presence of divalent Eu®* ion as an impurity (<0.1%) in
EuOCl, and this was confirmed by measurement of the para-
magnetic susceptibility at low temperatures [87]. A general
formula of PrO,,Cl with the presence of Pr** and Pr** was
proposed for the oxychlorides obtained during chlorination
reactions at temperatures lower than 800 °C, being x =
0.108 for T = 425 °C, whereas x = 0 when the synthesis is
carried out at 800 °C [23].

Some works have been carried out to study the stabilities of
LnOCl in air. LREE oxychlorides are stable compounds in air
and room temperature with the only exception being NdOCl
that forms Nd(OH)Cl, [88].
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Yang et al. investigated the kinetics of dechlorination and
oxidation of LREE oxychlorides under various oxygen partial
pressures by non-isothermal thermogravimetry (PrOCI [89],
NdOCI [90] and GdOCI [91]). The products proposed for
these decompositions were PrO,, Nd,O5 and Gd,Os. In these
investigations, activation energies of 112.6, 228.3, and
137.7 kJ mol ! were calculated for PrOCl, NdOCI, and
GdOCI dechlorination, respectively. The decompositions be-
gin to occur at approximately 827, 927, and 800 °C. One work
[23] differs from [89], it reports that the product of PrOCI
heated in air is PrgOq;.

When lanthanides oxyhalides are compared, the ther-
mal stability of the structurally isomorphic oxyhalides
decrease strongly with increasing atomic weight of the
halide along the OCl > OBr > OI series, this can be
correlated with the layer structure of RE oxyhalides.
The lanthanides oxyiodides begin to decompose at dis-
tinctly lower temperatures (below 360 °C) than the cor-
responding Ln oxybromides (from 300 to 450 °C) or Ln
oxychlorides (500 to 800 °C) for La—Gd oxyhalides,
and Ln oxychlorides decomposition occurs in a single
step to the oxides [92].

Only one work have been published about the thermal dis-
sociation of REOCI at high temperature in vacuum (for
LREEOCI between 1282 and 1411 °C) [93]. It was found that
the REOCI dissociation occurs with formation of RE oxide
and gaseous chloride according to the following reaction:

3REOCI(s) = RE,05(s) + RECl;(g) (37)

These reactions are not feasible to occur in a chlorination
reactor because the temperature ranges of all the works ana-
lyzed in the present review are below the temperature corre-
sponding to the beginning of REOCI thermal dissociation.

Finally, in this section, it is important to consider the sta-
bility of oxychlorides in the presence of water. REOCI was
considered to be insoluble in water and does not react with
water at room temperature [94].

However, in a recent work, Pan [88] published information
on the reaction between rare earth oxychloride (REOCI for
RE: Y, Gd, and Sm) and water in aqueous solution. Also,
Lee et al. found that REOCI could react with H,O at room
temperature, forming HCI and RE,(OH)sCl'nH,O (RE : rare
carths) [95].

It was found that the reactions proceed as follows:

SREOCI(s) + SH,0(1) = 2RE,(OH);Cl(s)
+RE’"(aq) + 3CI"(aq)  (38)

In 2019, Udayakantha published a work about functional
applications of lanthanide oxyhalides [96], for this reason, this
topic is not further discussed in the present review.

5 Carbochlorination

Carbochlorination is a reaction through which metallic chlo-
rides are produced in the presence of both a reducing and
chlorinating agent. Carbon [97—100] or carbon monoxide
[101-104] are the most common reductants, although sulfur
has been used. According to this definition, the reactions in-
volved for simple oxides with stoichiometry M, O,, (where M
metal and O oxygen) during the carbochlorination process
with solid carbon can be described by the following general
equations:

MOy (s) + yClz(g) +y/2C(s)

)
= XMC]Zy/x(Sa g) + y/2C02(g) (39)
MOy (s) + yClx(g) + yC(s)
= XMCIZy/x(S7 g) + yCO(g) (40)

Or with CO(g):
M,Oy(s) + yCl:(g) + yCO(g)
= XMCl2y/X(Sag) + YCOZ(g) (41)

With the aim of understanding the LREE oxide
carbochlorination reactions, equilibrium composition plots
were generated using HSC for Ln,O5 (Ln: La, Nd, Sm, Eu,
and Gd), CeO,, and PrsO;; carbochlorinations per mol of
lanthanide considering 100% excess carbon and 100% chlo-
rine gas and formation of only CO,(g). These can be observed
in Fig. 8. The oxides were chosen because they are the most
stable at atmospheric condition according to the previous ex-
planation. These plots complement the equilibrium composi-
tions calculated by Anderson et al., for both cerium oxide and
neodymium oxide carbochlorinations [105].

All thermodynamic analyses carried out for
carbochlorination reactions are based on the Boudouard reac-
tion:

CO,(g) + C(s) = 2CO(g) (42)

where reaction 42 has positive values of AG for temperatures
lower than 700 °C; it is equal to zero at 700 °C, and it has
negative values for temperatures above 700 °C. For this rea-
son, it is thermodynamically expected that the chlorinations
with carbon as the reducing agent occur with formation of
mainly CO,(g) for T < 700 °C, and mainly CO(g) for T >
700 °C. However, equilibrium composition curves show that
the formation of both gases is possible for temperatures be-
tween 400 and 1000 °C, CO,(g) formation prevailing for tem-
peratures lower than 700 °C and CO(g) at higher
temperatures.

The curves shown in Fig. 8 for CCly(g) and COCl,(g),
which are equal for all systems, and the data available in the
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literature enable us to infer that formation of these gases is
negligible for carbon in a Cl,(g)—O,(g) atmosphere. The shape
of CCly(g) and COCl,(g) curves in the system suggests that
these gases do not take part in the carbochlorination reaction
mechanism because they are not direct reaction products, but
they can be formed between gaseous species after the reaction.
CCly(g) is formed by the interaction between C and Cly(g),
and COCl,(g) can be formed by the reaction between C,
Cly(g), and CO,(g) or Cly(g) and CO(g) [106-108].

The main difference between the systems analyzed is the
concentration of Cly(g), CO(g), CO,(g), and C. This can be
understood considering the amount of oxygen in the different
oxides per mol of lanthanide, having CeO, the highest
oxygen/lanthanide relation, it can lead to the highest concen-
tration of CO(g) and CO,(g) products which would lead to the
highest consumption of Cl,(g) and C.

In agreement with that, papers have been published about
carbochlorination of LREE oxides with chlorine and carbon as
chlorinating and reducing agents, respectively [26-29, 105].
Anderson et al. evaluated the conversion of cerium oxide and
neodymium oxide into their chlorides through the
carbochlorination process, Esquivel studied the
carbochlorination of CeO,, Sm,05 and its mixture, and the
authors of the present article studied the carbochlorination of
Eu,03. Also, we studied the carbochlorination of Gd,O3 by
infrared spectroscopy using a non-isothermal reaction system
described by Guibaldo et al. [109] to determine the reaction
stages and initial temperatures for each stage.

The first stage of the reaction between Ln,O3 (Ln: Nd, Sm,
Eu, Gd), C, and Cly(g) produced solid oxychloride. These
reactions occur at temperatures comparable to those at which
chlorination takes place; for example, for Eu,O3, the same
conversion curves were determined for chlorination and
carbochlorination reactions with formation of EuOCI for tem-
peratures between 250 and 500 °C. This observation suggests
that carbon is not influencing the reaction in the first stage,
which is expectable taking into account the temperature of
carbon oxidation in the presence of chlorine. Gonzalez et al.
[110] studied the oxidation of carbons in the presence of chlo-
rine and observed that at temperatures higher than 590, 650,
and 770 °C it is possible for sucrose carbon, carbon black, and
graphite, respectively, to occur. Also, chlorine chemisorption
occurs at temperatures above 400 °C.

In the second stage of carbochlorination reactions, the pres-
ence of carbon allows producing trichloride at lower temper-
atures where this product is not volatilized. Therefore, during
the REE oxide carbochlorinations, it is possible for solid REE
trichlorides to be produced. The interaction between carbon
and oxygen from the LREE oxide can produce both CO,(g)
and CO(g) gases. The quantification of these gases is impor-
tant to optimize the carbon consumption and to produce
carbon-free trichlorides [11, 109, 111].
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For CeO, carbochlorination, an initial temperature of
700 °C was determined, which is lower than the initial tem-
perature of chlorination without carbon (800 °C). The pro-
posed reaction products are CeCl; and CO(g), and the volatil-
ization of the chloride is possible for T > 816 °C according to
reaction 32 [27]. The phase stability diagrams for the Ce—O—
ClI system (Fig. 4) showed that there is a direct boundary
between the CeO, and the CeCl; within the reasonable oper-
ating range without formation of an intermediate phase. This
would explain why the cerium oxychloride phase was not
detected as an intermediate product in CeO, carbochlorination
experiments contrary to that observed during other LREE ox-
ides carbochlorinations. One work [105] differs from [27]; it
reported that small quantities of cerium oxychloride can be
formed as an intermediate product in CeO, carbochlorination.

By non-isothermal infrared measurements, the initial tem-
perature of Gd,O5 carbochlorination was determined to be
approximately 340 °C for the first stage with formation of
GdOCI and approximately 600 °C for the second stage with
formation of GdClz. CO,(g) and CO(g) both are formed dur-
ing oxychloride carbochlorination, and this result agrees with
the observations in Y,0O5 and YPO, carbochlorination [11, 30,
31]. As was explained in equilibrium composition curves,
COCly(g) and CCly(g) were detected during the chlorination
reaction due to the interaction between CO,(g), C, and Cl,(g).

The analysis of LREE oxide carbochlorinations suggests
that the rate of the first stage is not influenced by carbon,
and it is controlled by temperature and not by gas availability
when there is excess carbon and chlorine gas at low tempera-
tures. The rate values are comparable with those of the chlo-
rination reaction. On the other hand, the rate of lanthanide
chloride conversion with formation of CO(g) and CO,(g) in
the second stage is much faster than that of the chlorination
reaction, and the final degree of reaction is also influenced by
carbon.

Several authors have discussed the generation of reactive
species during the interaction between solid carbon and gas-
eous chlorine. According to their works, three intermediates,
ClI radicals, C—Cl compounds, and C—O—Cl compounds,
should be considered in LREE oxides carbochlorinations with
formation of LnCl;. During interactions between gaseous
chlorine and carbon surface physical and chemical adsorption
phenomena can take place. These interactions involve substi-
tution reactions in active sites, addition reactions in non-
conjugated double bonds, and formation of HCI(g). The con-
centration of atomic chlorine according to thermodynamic
considerations would be significant only at temperatures
higher than 1000 °C. However, the situation is different in
the presence of solid carbon because there is a heterogeneous
reaction taking place, and the formation of this intermediate
species would be possible during carbochlorination reactions
[110, 112, 113]. Moreover, if formation of these intermediates
is the rate-determining process, it is expected that the

carbochlorination reactions of REE oxides with formation of
LnCl; (carbon affecting the second stage) will begin at the
same temperature. This in fact was observed in
carbochlorination reactions for SmOCI, EuOCl, GdOClI, and
YOCI, which are comparable because they were measured
with the same system, and all begin at approximately 600 °C
[26, 28, 30]. It should be noted that this temperature matches
with the initial temperature of carbon oxidation in chlorine—
oxygen atmospheres observed by Gonzalez et al. [110].

6 Applications of the LREE Chlorination
and Carbochlorination Reactions

The chlorination reactions can produce LREE oxychlorides at
reasonable lower temperatures (<400-500 °C) with a high
reaction rate (in a laboratory scale). The oxychlorides have,
at least, the same purity as the starting oxides. If the starting
oxides have impurities that can be volatilized during forma-
tion of volatile chlorides, the purity of the oxychlorides will be
higher than that of the initial oxides. The key for this behavior
is the nature of the impurities, being possible to occur when
the impurities form volatile chlorides, for example, Fe, Al, Si,
or Ti. llmenite (FeTiOs), which is found in igneous rocks,
represents an important impurity in REE ores such as mona-
zites [114]. At low temperature chlorination, impurities do not
react or react very slowly, 600 °C being the initial chlorination
temperature in the laboratory scale using Cl,(g) as the chlori-
nating agent for FeTiOj3. Also, iron chlorides FeCl; and FeCl,
begin to vaporize around 425 and 670 °C, respectively, where-
as CaCl, vaporizes at approximately 2250 °C, and other im-
purities remain as solids after chlorination (SiO, and Al,O5)
[115, 116]. This behavior allows LREE selective chlorina-
tions, decreases chlorine consumption and waste generation,
and allows the smallest chlorination reactors, where LREE
oxides are chlorinated at lower temperatures than the impuri-
ties. For this reason, the chlorination technology for LREE
processing is more efficient, sustainable, and environmentally
friendly.

The REE ores are treated with chlorine gas at high temper-
ature in the presence of reducting agents to produce REE
chlorides. The main REE minerals are bastnaesite
[(Ce,La)(CO3)F], monazite [(Ce,La)PO4)], xenotime
(YPOy), loparite [(Ce,Na,Ca)(Ti,Nb)O3], apatite
[(Ca,REE,Sr,Na,K);Ca,(PO4)3;(F,OH)], and ion-adsorption
clays, and 95% of the world’s reserves of REEs are bastnasite
(70-75% REEOQ), monazite (55-60% REEO), and xenotime
(55-60% REEO) [2, 117].

Carbochlorination reactions can be used for element sepa-
ration or for LREECI; production. The first application is
based on the different chloride vaporization temperatures. If
the carbochlorination is used for LREECI; production, it is
important to use less than the stoichiometric amount of carbon
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in order to obtain a carbon-free chloride. Contrary to LREE
oxychlorides, the trichlorides are highly hygroscopic. The in-
teraction of the trichlorides with air humidity can produce
crystalline compounds of the LREECI;.nH,O type. It is not
easy to remove the water and recuperate the anhydrous
trichloride (readily tends to form the oxychloride). This be-
havior is an advantage of the carbochlorination against the wet
methods for the production of anhydrous LREECI;. The
carbochlorination was used to obtain REE chloride from ores
such as monazite, mixed bastnaesite-monazite and xenotime
[11, 32, 118]. Adachi and their collaborators studied a com-
bined method of chlorination or carbochlorination followed
by chemical vapor transport to recover REE from different
materials such as those used for polishes and scrap [12, 119].

The first step in the chlorination or carbochlorination pro-
cess is to grind the ore and then mix it with a binder and some
water. The most common binders used are sulfite liquor, sug-
ar, and starch. The ore mixture is then compacted into pellets
through a briquetting machine. The pellets and loose layers of
carbon are then placed in a chlorination furnace. The furnace
is lined with carbon and designed to run at temperatures of
1000-1200 °C. The temperature required for producing from
silicate or phosphate ores was found to be higher than when
processing oxide ores [2, 15].

Finally, on an industrial scale, the Goldschmidt process is a
high temperature direct chlorination process that has been
used on a production scale at Th. Goldschmidt AG located
in Germany. This process was developed to produce anhy-
drous rare earth chlorides directly from bastnaesite ore. This
process has also been proven to be effective for other rare
earth ores such as monazite or xenotime as well as for rare
earth oxide concentrates [8]. REE ore is obtained from mining
on the Kola Peninsula, Russia, which is refined by Solikamsk
Magnesium Works (SMW) to produce REE chlorides, the
REE ores are chlorinated with chlorine gas at high tempera-
tures with reducing agents such as carbon to produce REE
chlorides [120]. In China, Baotau concentrates (mainly
bastnaesite and monazite) have been directly chlorinated in
the presence of carbon at high temperature (1000 °C) with a
recovery rate of REE of 91%. Bastnaesite beneficiated using
chlorine has higher recovery yield (91-97%) and a lower en-
ergy consumption than using sulfuric acid (with 72% recovery
yield and higher energy consumption), especially because for
chlorination processes, the roasting of the concentrate is not
required. The reaction between bastnaesite and Cl,(g) is:

3(Ce,La)(CO3)F + 3Cl,(g)
= (Ce, La)F; + 2(Ce, La)Cl; + 3/20;(g)
+3C04(g) (43)

However, the main inconvenience of the bastnaesite chlo-
rination is the generation of high fluorine content and
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radioactive thorium contamination in the RE chlorides prod-
ucts [2, 121-123].

Due to this problem, Bargeron and collaborators proposed
in a patent the addition of a boron-containing Lewis acid act-
ing as a defluorination agent to optimize the production of
REE chlorides by the dry carbochlorination method with
Cly(g) of REE concentrate (approx. 20% of RE). The boron
containing Lewis acid comprises at least one of B(OH);, BCl;,
B,0s3, Na,B,0 or mixtures thereof, and for BCl3(g), the ratio
of Cly(g)/BCl5(g) ranges between approximately 1 and 20
depending on the reactive gas used. In this study, the temper-
ature was optimized to eliminate the uranium and throrium
contamination, and an elimination of approximately 50% of
uranium and thorium chlorides was determined in the gaseous
product of the chlorination reactor for reaction temperatures
between 800 and 900 °C. Subsequently, uranium and thorium
chlorides could be condensed and recovered in a condenser at
temperatures between 200 and 700 °C [124].

In India, Indian Rare Earths Limited (IREL) and Kerala
Minerals and Metals Limited are engaged in mining and pro-
cessing beach sand minerals from placer deposits. IREL pro-
duced 22 tons of rare earths, namely RE fluoride, cerium ox-
ide, and cerium hydrate from conversion of RE chloride in
2008-09 [125].

7 Conclusions

Studies of light rare earth oxides chlorination using chlorine as
the chlorinating agent have been summarized systematically;
the thermodynamics, mechanisms, and kinetics of these reac-
tions were presented and analyzed. In the present article, lan-
thanides between lanthanum to gadolinium were considered
as LREE, and this subdivision has been discussed in the liter-
ature; some behaviors of gadolinium, such as initial tempera-
ture of Gd,O5 chlorination and some thermodynamic obser-
vations, place this element intermediate between light and
heavy rare earth. In this study, first, LREE are analyzed ac-
cording to the possible oxidation states that the lanthanides
can acquire, they are divided into three groups: La and Gd
(3+ as the only possible oxidation state), Ce and Pr (they can
present the 3+ oxidation state in addition to 4+), and Nd, Sm,
and Eu (with 2+ and 3+ possible oxidation states). The pub-
lished experimental results about reactions between LREE
oxides with Cl,(g) were analyzed and also the presence of
carbon as the reducing agent was considered. Reactions be-
tween LREE oxides and chlorine have been investigated using
mainly thermogravimetry. In all those investigations, it was
determined that the reactions begin at approximately 250 °C,
except for Gd,Oj3 that begins at 327 °C.

The kinetics of the chlorination of LREE oxides was
reviewed in the light of recently developed kinetic ap-
proaches. It was concluded that the intrinsic kinetic
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parameters of the reaction rates already published are consis-
tent with new research. Unusual behaviors observed in the
chlorination of samarium and lanthanum oxides may leave
room for some extra investigations. Comparing the intrinsic
kinetic parameters obtained for the different systems, it was
found that activation energies are between 105 and 161 kJ
mol '; PrsOy; and Nd,04 being the oxides with lowest and
highest values, respectively. The order with respect to Cl,(g)
partial pressure is between 0.23 and 0.77 and increases with
the atomic number. Finally, the JMA n-value is approximately
1.5 for all the oxide chlorinations.

The similarities and differences among clements of the
LREE group detailed in this review could be further analyzed
using computational simulation techniques. However, that
would be the subject of a future investigation.

This review includes a special section about the character-
ization and stability of LREE oxychlorides. Structural prefer-
ences of lanthanide oxychlorides come in large measure from
the relative ratio of the ionic radii and the strengths of electro-
static interactions. As such, the crystal structures adopted by
LnOCI compounds can be described by a tetragonal system
with the Matlockite-type(PbFCl) structure. Studies regarding
the stability of LREE oxychlorides under different atmo-
spheres were analyzed, and development of this area of re-
search is imperative for different applications of these com-
pounds. For the same reason, it is important to gain knowledge
about the behavior of LnOCI in air (or oxygen at different
partial pressure), vacuum, inert gases, and water at different
temperatures.

For Ln,O5 carbochlorinations, two stages were determined.
The first stage proceeds with formation of solid oxychloride.
These reactions occur at temperatures comparable to those of
chlorination reactions, suggesting that carbon is not influenc-
ing in the first stage. Whereas the second stage, in which
LnCl;, CO5(g), and CO(g) are produced, is influenced by
carbon, and this reaction is much faster than the chlorination
reaction without a reducing agent. Furthermore, the reactions
begin at the same temperature (approx. 600 °C), and this tem-
perature also corresponds to the initial temperature for carbon
oxidation in chlorine—oxygen atmospheres, independently of
LREE. These observations could indicate that the rate-
determining process is equal for all analyzed systems, and
according to literature, this step involves the formation of
intermediates such as CI radicals, C—Cl compounds, and C—
O—Cl compounds.

Another aspect that has been included in this work con-
siders chlorination and carbochlorination reactions of LREE
compounds, such as oxides and ores. Chlorination is a very
effective metallurgical method to treat various kinds of com-
plex LREE ore resources. The most studied ores were
bastnaesite and monazite, which were chlorinated both at a
laboratory and industrial scale using Cl,(g) and carbon to ob-
tain LREE chlorides. It is necessary to consider different

advantages and disadvantages of chlorination methods and
to improve their benefits in the development of LREE recov-
ery processes. For instance, the generation of high fluorine
content and radioactive thorium contamination, diminution
of Cl,(g) and carbon consumption, reaction temperature opti-
mization, among others.
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