Kinetics of Chlorination and Microstructural Changes of
Xenotime by Carbon Tetrachloride
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Among the rare earth minerals, fluorides, phosphates, and oxides have received attention from the
rare earth industry. Traditional methods of decomposition of these minerals, usually alkaline or acid
processes, involve several operations. Another possibility to obtain lanthanide chlorides or oxychlorides
is reacting the mineral with chlorinating agents, such as gaseous chlorine, hydrogen chloride, thionyl
chloride, and carbon tetrachloride, reducing the operation costs and making the process less compli-
cated. In this context, we investigated the decomposition of xenotime using carbon tetrachloride at
temperatures from 873 to 1173 K and kinetic and mechanistic studies have been performed. Powder
X-ray diffraction, scanning electronic microscopy, energy dispersive X-ray spectrometry, ultra-violet/
visible spectroscopy, and thermal analysis techniques were used in this study. The results showed that
the reaction follows the shrinking-unreacted-core model with formation of a product layer (lanthanide
oxychloride), confirmed by powder X-ray diffraction. Moreover, microstructural changes of xenotime
grains during the chlorination reaction were verified.

[. INTRODUCTION

RARE earths elements are more abundant in the earth’s
crust than their name suggests, occurring in many mineral
deposits. However, rare earths do not occur in minerals as
individual compounds; therefore, among 200 minerals, only
three mineralsare commercially available (bastnasite, mona-
zite, and xenotime).[) Whereas bastnasite and monazite have
ahigher proportion of the cerium subgroup of the lanthanide
elements, xenotime contains approximately 60 pct of the
yttrium subgroup. The search for high purity individual ele-
ments provides the possibility of synthesis of new materias
suitable for many fields such as optics, electronics, aloys,
and catalysis.[*? Traditional methods of decomposition of
rare earth minerals (alkaline or acid processes) into soluble
forms in water or acid solutions involve severa operations
that can introduce impurities and, thus, result in a more
| aborious separation/purification operations. The use of chlo-
rination in extractive metallurgy is an aternative route for
obtaining intermediate compounds such as metallic chlo-
rides, considered basic feedstock in developing new proc-
esses and materials® A number of investigations on the
chlorination of rare earth compounds have been reported
concerned mainly with the preparation and isolation of anhy-
drous lanthanide chlorides. In addition, direct chlorination
makes it possible to realize the mutual separation of rare
earths using chemical vapor transport (CVT) by forming
volatile complexes with KCl and AICI;.[¥ Despite these
investigations, few studies have been devoted to the investi-
gation of kinetic, mechanism, and structural changes
between rare earths minerals and gaseous chlorinating
agents. In this work, we investigated the reaction between
xenotime (REPO,) and carbon tetrachloride as well as the
microstructural changes occurring during the chlorination.
The overall chlorination reaction can be expressed as
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2REPO, + 2CCl; — 2RECl; + P,05 + COCl, + CO, [1]

Experiments were performed in order to determine the
effects of chlorination temperature, particle size of ore, and
chlorine partial pressure. Moreover, anaytica techniques
such as scanning electronic microscopy (SEM), energy dis-
persive X-ray spectrometry (EDX), and powder X-ray dif-
fraction (PXRD) were used.

[I. EXPERIMENTAL SECTION

A. Materials and Sample Preparation

The xenotime ore (specific surface area = 0.84 m?/g)
used in this work was grounded and classified into various
size fractions from 60 to 325 mesh, and with no more any
previous treatment. The composition of the xenotime
obtained by EDX (at. pct) is' Y 26.0 pct, P 30.8 pct, Dy
24.6 pct, Er 7.6 pct, and Yb 11.0 pct. The powder X-ray
diffractogram of the ore revealed mainly the presence of
yttrium orthophosphate phase (Figure 1(a)). The chlorinating
agent (carbon tetrachloride (CCl,) was reagent grade, which
was introduced from a bubbler. Nitrogen of 99.9 pct purity
(carrier gas) was dried by passing through a CaCl, column
before their mixture with CCl, in the bubbler.

B. Apparatus and Procedure

The experimental apparatus included a quartz tube (24-
mm i.d. X 700-mm length) into a horizontal tubular electric
furnace (35-mmi.d. X 500-mm length) with aprogrammable
controller and a flow gas system. The temperature of the
furnace was controlled within +2 °C. The sample (0.100 g)
was put in an alumina boat, and then placed in the quartz
tube. The product stream issuing from the reactional system
was scrubbed by passing it through a sodium hydroxide
solution (10 pct m/v) and water. The flask containing CCl,
was heated by a water bath at the desired temperature with
a controller in the =1 °C range. In order to obtain the
required partial pressures in the gas mixtures, the flow rate
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Fig. 1—Powder X-ray diffraction patterns of (a) xenotime ore and (b)
xenotime after chlorination.
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of nitrogen and the bath temperature were adjusted.l The
heating of the furnace was carried out with flowing nitrogen
to remove the oxygen in the system with the sample inside
the quartz tube, and when the required temperature was
achieved, the mixture N,/CCl, was introduced. After the
reaction, the system was purged with nitrogen until the sam-
ple reached room temperature. Finaly, the residue in the
alumina boat was leached with HCl 4 mol/dm?, filtered,
rinsed with deionized water, dried at 80 °C, and the unreacted
xenotime ore was weighed. Powder X-ray data were
recorded on a Siemens D5005 diffractometer (Siemens, AG,
Munich, Germany) using a graphite monochromador and
Cu K, emission lines (1.541 A, 40 kV, and 40 mA). The
samples were placed on a glass plate and the data were
collected at room temperature over the range 2 deg < 26
= 65 deg with a step of 0.020 deg. Scanning electronic
microscopy (SEM) studies were done on a Zeiss-DSM 940
microscope (Carl Zeiss, Gottingen), operating at 20 kV. The
transmission electronic spectra (ultraviolet/visible) were
recorded on a Varian Cary 50 spectrophotometer using a
10-mm quartz cell. Energy dispersive X-ray spectrometry
(EDX) data were obtained from ZAF 4FLF Link Analytical
equipment (Oxford Instruments, Concord, Massachusetts).
The thermogravimetric data were registered on a Thermal
Anayst equipment model 2100-TA (TA Instruments, New
Castle, Delaware) in air atmosphere and at a heating rate of
10°C min~2, Specific surface area (BET) datawere obtained
from a Quantachrome equipment model NOVA 1200 Gas
Sorption Analyser (Quantachrome Corp., Boynton Beach,
Florida).

[Il. RESULTS AND DISCUSSION
A. Chlorination of Xenotime with CCl, + N,

Preliminary studies were performed in order to evaluate
the microstructural changes in xenotime ore during the chlo-
rination reaction using scanning electron microscopy and
powder X-ray diffraction. Figure 1(a) shows atypical pow-
der X-ray diffraction pattern for the xenotime ore (yttrium
phosphate-tetragonal, 141/amd), where the main reflections
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are indicated. Figure 1(b) shows the powder X-ray diffrac-
tion pattern for the xenotime as soon as it was reacted with
carbon tetrachloride at 1173 K during 50 minutes, with a
gas flow rate of 3.5 L/min and without any later treatment.
This diffractogram showed a polycrystalline structure with
a predominant xenotime phase and with new reflections
suggesting the presence of another crystaline phase in a
minor gquantity. Some of these reflections (marked with an
asterisk) could be attributed to the yttrium oxychloride
(YOCI) phase: 13.4 deg/001, 26.9 deg/101, 31.7 deg/110,
35.7 deg/102, and 48.4 deg/201, (26/hkl). Unfortunately, the
reflections at 28.1 and 45.3 deg (marked with the # symbol)
we were not able to identify.

Changes in the surface structure during the chlorination
of xenotime are shown in Figure 2. Figure 2(a) shows the
surface of xenotime before the reaction in which we did not
observe any apparent porosity, despite the fact that the sur-
face of grains is covered with small particles of ore. After
the reaction at 1173 K for 50 minutes we observed the
formation of small crystallites onto the surface of the original
ore (Figure 2(b)). These results are in agreement with the
diffraction data, suggesting that these crystallites consisted
of yttrium oxychloride. Another interesting feature is shown
in Figure 2(c), in which we can observe the xenotime surface
after the reaction and leaching with HCI 4 mol/dm? at room
temperature (24 °C). The remaining xenotime ore was free
of small particles in comparison with the original one and,
moreover, the surface presents pores that, presumably,
extended into the interior of the ore. In addition, the starting
material was composed by particles with sharp edges in
relation with the reacted ore, an indication that it has under-
gone a strong chemical attack by CCl,. Based on structural
and morphological changes, we assume that the reaction
follows a topochemical process with the formation of a
solid porous product.[®7 Comparing the results of rare earth
contents by EDX analyses (Table 1) of xenotime before and
after the chlorination as well after leaching with HCI 4 mol/
dm?3, we verified that the composition remained constant,
indicating that there was not a selective reaction with a
certain element, as expected in the function of their similar
chemical properties.

B. Influence of Gas Flow Rate

Figure 3 summarizes the results of the effect of gas flow
on the reaction between xenotime and carbon tetrachloride.
At low flow rate (below 2.5 L/min), the reaction rate
increased with the flow rate because the reaction was con-
trolled by external gas mass transport, and the influence of
gas flow rate for values higher than 3.0 L/min could be
considered negligible. The previous examination of micro-
structural and morphological changesin xenotime ore during
the chlorination indicated the formation of an interface. So,
the mechanism involved will depend on the properties of
that particular layer.[”! Thus, performing experiments at 3.5
L/minin order to determinekinetics parameters, the reactant-
gas starvation and boundary layer mass transfer effects had
minimal influence on the rate of reaction. An attempt was
made to correlate the experimental weight loss (fraction
reacted) data. Considering that the diffusional process is
negligible and the processis controlled by chemical reaction
at theinterface, thefollowing equation for spherical particles
was found to give a satisfactory correlation:["l
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Fig. 2—Micrographs of surface structure of (a) original xenotime ore, (b) chlorinated for 50 min at 1173 K and (c) after leaching with HCI 4 mol/dmq,

1-(1—-X)¥B= Kappt [2]
where

X = fractional conversion (ratio of weight of the
reacted fraction to initial weight);
t = chlorination time (minute); and
kapp = Overall rate constant.

The apparent rate constant, Ky, can be expressed as
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kapp = kf (do, Pccu) (3]

where Kk is the rate constant and f(d,, P) is a function of
the partial pressure of CCl, and initial particle sizel*'% In
addition, if we assume that f(dy, P) takes the form of
d§ P&, We can obtain b and ¢ constants from slopsin plots
for different partials pressures and initial particle size. The

rate constant, k, can be obtained from the Arrhenius
plots.[210)
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Tablel. EDX Analysis of Original and Chlorinated

Xenotime
Original Chlorinated Leached
Xenotime Xenotime Xenotime

Element (At. Pct) (At. Pct) (At. Pct)
Y 26.0 28.3 28.8
P 30.8 28.7 27.7
Dy 24.6 20.8 20.4
Er 7.6 8.7 8.4
Yb 11.0 135 14.7
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Fig. 3—Effect of gas flow on the chlorination of xenotime.
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In this case, we can consider that K, is composed of the
following parameters: initial particle diameter (d,), partia
pressure of carbon tetrachloride (Pcg,), and activation
energy (Ea). Thus, ageneral form of the rate expression for
kapp Can be written as

Kep = ko d8 PEc, exp (—E—f’}) (4

wherek,, b, and ¢ are experimental constants.[>1%1 |t should
be noted that an approximate analytical solution for the
rate of gas-solid reaction involving some parameters was
developed. Although there is an error arisen from this
approximation in relation with an exact numerical solution,
we believe that the impact of this error could be neglected
and does not affect the qualitative discussions and
conclusions.[®1°

C. Effect of Particle Sze

The chlorination of xenotime curves of different initial
particle sizes varied from 62 to 45 um to 300 to 250 um
are shown in Figure 4(a). A significant increasing of the
conversion was observed with a decrease of the particle size
from 300 to 250 um to 62 to 45 um. The plot of the apparent
rate constant (In Kyy,) obtained from the graphic 1 — (1 —
X)¥3 vs t against the initial particle size (In dy), shown in
Figure 4(b), gave a dlope of —0.7 (b constant), suggesting
astrong dependence of the particlegrain size on reactionrate.

D. Effect of Temperature

In order to study the effect of temperature on the chlorina-
tion rate, experiments were performed in isothermal condi-
tionsin the temperature range from 873 to 1173 K, working
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Fig. 4—Effect of particle size on the chlorination of (a) xenotime ore and
(b) the dependence of the rate on initia particle size.

with carbon tetrachloride partial pressure of 25 kPa, particle
size range of 75 to 62 um, and gas flow rate of 3.5 L/min.
Thefractions of xenotimevstime curvesobtained at different
temperatures are shown in Figure 5(a). The Arrhenius plot
of chlorination of xenotime ore, shown in Figure 5(b), sug-
gested that the process did not change its mechanism with
the increase of temperature and that there was a formation
of a porous reaction product. The determined apparent acti-
vation energy (Ea) of 47 kJ/moal iscoherent with achemically
controlled process.”4

E. Effect of Partial Pressure of Reagent

Experiments at four different partial pressures of CCl, in
N, were carried out in order to study the effect of reagent
concentration on the rate, as shown in Figure 6(a). The
temperature (1173 K), gasflow rate (3.5 L/min), and particle
size (75 to 62 um) were kept constant in all experiments.
It was found that the partial pressure of the reagent has a
significant effect on the chlorination rate and the amount of
xenotime ore reacted is proportional to the time of reaction.
By plotting In Ky, (from the data of Figure 6) vs In Pcq,
we determined the reaction order with respect to CCl, (n =
0.6), as shown in Figure 6(c).

In the present set of experiments, considering the factors
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Fig. 5—Effect of temperature on the reaction rate of (a) xenotime ore with
CCl, and (b) the Arrhenius plot of the rate constants.

investigated previously and combining the parameters, we
can express the global rate equation as follows:

1= (1= X)¥ = kgt [5]

pp = 1.205°7 PG, oxp [ — 2000 (6]
RT

where dy isin um, Pcg, isin kPa, T isin Kelvin, tisin

minutes, and the constant ky isin min~! um®7 kPa %6

F. Reaction Mechanism of Xenotime with CCl, + N,

Unfortunately, there are not many reports dealing with
chlorination of rare earth elements, even their ores[*>-17
and most of them concern the reaction with chlorine and
carbon. Moreover, as far we know, not many efforts have
been donein order to study the mechanism reaction or inves-
tigate other reagents for chlorination up to the present
time."*1 Hartley and Wylie* reported the preparation of
lanthanide chlorides by reacting chlorine with monazite ore
at temperatures above 973 K, using carbon and carbon mon-
oxide as reducing agents. They also investigated the influ-
ence of particle size, gas flow rate, temperature, and carbon
content on the reaction rate aswell as proposed a mechanism
for the reaction. According to the authors, two approaches
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Fig. 6—Influence of partial pressure on the reaction rate of (a) xenotime
ore with CCl, and (b) the dependence of the rate on partial pressure.

were arisen: (@) in the first one, simultaneous “trimolecular”
contacts between the reactants with the reaction proceeding
at the monazite-carbon interface; (b) in the second, the con-
tact between carbon and monazite ore is not required, and
reaction would proceed at the surface of the ore (see the
reactions below 7 to 12).*4 However, the authors were not
able to decide the actual mechanism once they had evidence
for both.

REPO, + 3C + 3Cl, - RECl; + POCl; + 3CO [7]
REPO, + 3/2C + 3Cl, - RECl3+ POCl5+3/2CO  [8]

REPO, + 3Cl, - RECl; + POCl; + 320,  [9]

2C + 0, - 2CO [10]
C+ 0, -~ CO, [11]
2CO + 0, - 2CO, [12]

In alater work, Hartley,[*3 continuing their investigation
on chlorination of rare earths, suggested that the process
involves three possible stages (Egs. [13] through [15]):
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Fig. 7—Photography of apale yellow crystalline (needle-shape) byproduct
produced at the end of the quartz tube.

REPO, + 3C + 3Cl, — RECl;+ POCl;+3CO  [13]
REPO, + 4C + 3Cl, - RECl; + PCl; + 4CO [14]
REPO, + 3C + 3/2Cl, - RECly+ 1/4P,+ 4CO  [15]

Ozaki et al.l*") studied the chlorination of monazite with
carbon tetrachloride and concluded that the reaction follows
a topochemical process and obeys the relationship 1 —
(1 — X)¥® = kt. Moreover, the authors suggested that the
kinetic control step was the reaction at the interface. Our
results are coherent with the formation of an intermediate
step, asshown by PXRD dataand SEM micrographsindicat-
ing the presence of YOCI (Figures 1 and 2). In addition, we
performed an assay in which we leached the xenotime ore
after the chlorination with HCI 4 mol/dm?. The ultraviolet/
visible spectra of the supernatant showed bands at 216, 254
and 334 nm, attributed to Y3 e Tb® ions. Furthermore,
during the performance of the experiments was observed
the formation of pale yellow crystalline (needle shape, as
shown in Figure 7) byproduct at the end of the quartz tube
for reaction temperatures above 973 K. Another point is the
fact that it was produced only in the presence of xenotime
ore and that there was no reaction between the alumina boat
and the chlorinating agent at the temperature range of this
study. Thermal analysis of the byproduct, from 25 °C to
1000 °C, indicated that the material was decomposed into
three steps (25 °C to 330 °C, 330 °C to 520 °C, and 520 °C
to 600 °C) with a mass loss of 50 pct. The powder X-ray
diffraction pattern of the byproduct, shown in Figure 8,
has several peaks and indicates that the material presents a
polycrystalline structure, which becomesdifficult to identify.
However, at first glance, we coul d ascribe somereflectionsas
belonging to P,Os and Y Cl; polycrystalline phases. Another
feature is the thermal dissociation of CCl, at high tempera-
tures.[*81% What probably occursisthe generation of radicals
at high temperatures that react with lanthanide oxychlorides
producing volatile complexes, which are transported by N,
to a lower temperature zone in the quartz tube.[*+? Despite
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Fig. 8—Powder X-ray diffraction patterns of (a) xenotime ore and (b) the
byproduct produced during the chlorination.

several and complicated reactions including thermal dissoci-
ation of CCl,, the overall process can be presented asfollows:

REPO, + 1/2CCl, -~ REOCI + 1/2P,0s
+ 1/2COCl,

[16]

and then, as the reaction was carried out, we had the produc-
tion of the following products:

REOC! + 1/2CCl, - RECl; + 1/2CO,  [17]

IV. CONCLUSIONS

From this set of experiments, it can be concluded that the
chlorination between xenotime ore and carbon tetrachloride
follows a topochemical process, in which the controlling
step was the surface reaction producing lanthanide oxychlor-
ide. Theinfluence of several parameters on the reaction such
as particle size, gas flow rate, and temperature were studied
as well as global rate expression has been formulated:

1— (1 = X)¥8 = kgt = 1.2d5°7 P28, exp (_5680>t

RT
(18]

Theoveral processisstrongly dependent on theinitial parti-
clesize of the grain and, in the conditions that this study was
carried out, the apparent activation energy value evidenced
a chemically controlled process. Moreover, we observed
morphological and structural changes during the reaction.
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