Study of the Reaction Stages and Kinetics of the Europium
Oxide Carbochlorination
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The europium oxide (Eu,Os(s)) chlorination reaction with sucrose carbon was studied by
thermogravimetry between room temperature and 1223 K (950 °C). The nonisothermal ther-
mogravimetry showed that the reaction consists of three stages, and their stoichiometries were
studied. The product of the first stage was europium oxychloride, and it showed independence
of the reaction kinetics with the carbon content. Subsequently, in the second stage, the Eu-
OCl(s) was carbochlorinated with formation of EuCls(l) and its evaporation is observed in the
third stage. The analysis by Fourier transform infrared spectroscopy of gaseous species showed
that the reaction at second stage occurs with the formation of CO,(g) and CO(g). Both reactants
and products were analyzed by X-ray diffraction, scanning electron microscopy and wavelength-
dispersive X-ray fluorescence spectroscopy. The influence of carbon content, total flow rate,
sample initial mass, chlorine partial pressure, and temperature were evaluated. The second stage
kinetics was analyzed, which showed an anomalous behavior caused by generation of chlorine
radicals during interaction of Cl,(g) and carbon. It was found that the reaction rate at 933 K
(660 °C) was proportional to a potential function of the chlorine partial pressure whose
exponent is 0.56. The conversion curves were analyzed with the Avrami-Erofeev model and it
was obtained an activation energy of 154 + 5 kJ mol .
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I. INTRODUCTION

THE rare carths play an important role in many
fields of advanced materials for high technology. In this
context, it is very important to study methods of
extraction for these elements.["

The chlorination and carbochlorination of metallic
oxides are very important processes in the industrial
production of pure metals. This method is economic and
efficient compared with wet extraction processes. It is
well known that chlorine possesses a high reactivity
toward many compounds at a relatively low tempera-
ture.*7 Many metallic oxides can be transformed to
metals through a process that consists of three stages. In
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the first, the carbochlorination stage, the oxide reacts
with chlorine in presence of carbon to produce the
metallic chloride. Subsequently, the metal is obtained
from the reduction of the chloride. Finally, the metallic
sponée is purified by high-temperature vacuum distilla-
tion 511

The carbochlorination at 1273 K and 1473 K
(1000 °C and 1200 °C) with Cly(g) and carbon has
been applied industrially for bastnaesite concentrate
((Ce,La,Nd)(CO5)F)."! Gimenes and Oliveira studied
the reaction among xenotime (YPQ,), chlorine, and
carbon, and a global rate equation was developed.!'”
The rare earth chlorides mixtures obtained by carbo-
chlorination of rare earth minerals with Cl,(g) can be
separated using chemical-vapor transport (CVT) med-
iated by the formation of volatile complexes with KCI
and AICI; 41!

The carbochlorination of the Y203(s),[10’”]
Sm,0;(s),[" and CeO(s)!'”! with carbon as a reductant
and chlorine gas as a chlorination agent has been
reported by other authors, but the carbochlorination of
Eu,Os5(s) has not been studied. In a work recently
published we have studied the chlorination reaction of
europium oxide. The formation of EuOCI(s) like reac-
tion product at temperatures above 523 K (250 °C) was
determined. The EuOCI(s) is further chlorinated to
europium trichloride at temperatures above 1123 K
(850 °C). The chloride has a considerable vapor
pressure, and the evaporation rate is higher than its
production rate.['®!

The objective of this work is to elucidate the reaction
stages of the Eu,05(s) carbochlorination, and study the
stoichiometry and kinetics of each stage.
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II. MATERIALS AND METHODS

The gases used were Cly(g) 99.8 pct purity (Praxair,
Buenos Aires, Argentina) and Ar(g) 99.99 pct purity
(LINDE, Buenos Aires, Argentina). The solid starting
reactant was Eu,O3(s) 99.99 pct purity (Sigma-Aldrich
Chemical Company Inc., St. Louis, MO) and sucrose
carbon obtained from the pyrolysis of sucrose (Fluka
Chemical AG, St. Louis, MO) in inert atmosphere at
1253 K (980 °C) during 48 hours and sieved to a size of 400
mesh (ASTM, square aperture of 37 um). The carbon
characteristics were described by Gonzalez e al.'” Respec-
tive amounts of the solids reactants were weighed and
mixed mechanically to obtain mixtures of Eu,Os(s)-carbon
in the range of 3 to 10 pct (carbon mass/total mass).

Initial reactants were previously characterized by
scanning electron microscopy (SEM 515; Philips XL30
Electronics Instruments, Amsterdam, The Netherlands),
X-ray diffraction (XRD, Bruker D8 Advance; Bruker
Corporation, Karlsruhe, Germany), with Ni filtered and
Cu K, radiation and multielement analysis was carried
out by wavelength-dispersive X-ray fluorescence spec-
troscopy (WD-XRF, Bruker S8 Tiger; Bruker Corpo-
ration, Karlsruhe, Germany).

Figure 1 shows the diffractogram of the starting
sample with the reference pattern (Ref. 431008).*" By
comparing the positions and intensities of the diffraction
peaks, it can be concluded that the starting sample is
composed by a simple phase of Eu,Os(s), which crys-
tallizes in the cubic system (space group [la3).

Figure 2 shows SEM images of Eu,O5(s)-C mixtures.
These micrographs show an average particle size of 2 to
5 um (Figure 2(a)) and 20 to 30 um (Figure 2(b)) for
Eu,05(s) and carbon, respectively.

Mass changes occurring during Eu,Os(s) carbochlori-
nation reaction were measured using a high-resolution
thermogravimetric analyzer (TGA). It consists of an
electrobalance (model 2000, Cahn Instruments Inc.), a
vertical tube furnace, a gas line and a data acquisition
system. This experimental setup has a sensitivity of +5 ug
under a gas flow rate between 2 and 8 L h™! (measured
under normal conditions of temperature and pressure) in
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Fig. 1—XRD patterns for the starting reactant and the Eu,Os(s)
reference.
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the range from room temperature to 1273 K (1000 °C).
Each sample was placed in a cylindrical silica glass
crucible (diameter = (.72 cm, high = 0.42 cm), which
hangs from one of the arms of the electrobalance through
a silica glass wire. The temperature of the sample was
measured using a Pt-Pt (10 pct Rh) thermocouple encap-
sulated in silica glass, which was placed 2 mm below the
crucible. Flows of Ar(g) and Cl,(g) gases were controlled
by means of flowmeters. Nonisothermal and isothermal
runs were performed. In the nonisothermal run, the
Cly(g) was introduced and the samples were heated in the
resulting mixture Cl,(g)-Ar(g) from room temperature to
1223 K (950 °C). In the isothermal runs, the samples were
heated in flowing Ar until the reaction temperature was
reached. Once the temperature was stabilized, chlorine
was admitted into the hangdown tube while the mass
changes were continuously monitored. Relative mass
changes monitored were acquired every second using a
data acquisition system (network data acquisition
and control modules, model DB-1820, ICP DAS USA
Inc., Lomita) with the experimental setup described
above.

The gas species were identified by Fourier transform
infrared spectroscopy (FTIR, PerkinElmer Spectrum
400; PerkinElmer, Waltham, MA). The carbochlorina-
tion reactions for these identifications were performed in
a fixed bed reactor. The reactor consists of a horizontal
silica glass tube and the sample was placed in a silica
glass crucible. The gases at the outlet of the reactor can
be conducted to the purge or to a gas cell sealed with
sodium chloride windows. This cell is removed and
subsequently analyzed by FTIR.

III. THERMODYNAMIC CONSIDERATIONS

The following reactions are possible in the Eu,05(s)-
C(5)-Cly(g) system:

Eu,05(s) + Cly(g) + C(s) — 2EuOCI(s) + CO(g), [1]

1/3Eu,05(s) + Cla(g) + C(s) — 2/3EuCls(s,1) + CO(g),
2]

Euy05(s) +Cly(g) + 1/2C(s) — 2EuOCI(s) + 1 /2C0Ox(g),
3]

1/3Eu203(s) + Ch(g) + I/ZC(S) 4
— 2/3EuCls(s,1) + 1/2CO,(g), 4
Eu,0;3(s) + Cly(g) — 2EuOCI(s) + 1/20,(g), [3]

1/3Eu,05(s) + Cla(g) — 2/3EuCls(s, 1) + 1/20,(g).
[6]

The physical properties reported for europium com-
pounds are as follows: EuO [T, = 1973 K (1700
°C)]PY; Eu,04 [T = 2623 K (2350 °C)], [T = 4063 K
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Fig. 2—SEM images of (¢) Eu,O3(s) and (b) Eu,Os(s)-carbon mixture.

(3790 °C2l[2”; EuOCl [T, = 1673 K (1400 °C) (in
vacuum)®?:; EuCl, [T,, = 1004 K (731 °C), T, =
2335 K (2062 °O)**; EuCly [T, = 896 K (623 °C), 1]
894 K (621 °C).PHT, = [1891 K (1618 °C)PY). Th T
and T, are the melting, decomposition and boiling
temperatures.

The formation of Eu®>* compounds were not consid-
ered because of the presence of a highly oxidative
atmosphere of chlorine. It is well known that the carbon
is a reductant agent, so the possible interaction between
Eu,05(s) and sucrose carbon was analyzed. This study
was carried out by thermogravimetry at 1223 K (950 °C)
in argon atmosphere for 6 hours and no mass changes
were observed; the XRD analysis of the final solid did
not show chemical changes. This result is in accord with
the high positive value reported for the reduction of the
oxide by carbon with formation of EuO(s) and
CO(g) (AG®: 184 and 108 kJ mol ' for 873 K and
1273 K [600 °C and 1000 °C], respectively).l*)

The dismutation reaction of EuOCI(s) forming
EuCls(s,]) and Eu,03(s) is not considered because it
has a positive value of AG® at the range of temperature
used in this work!"¥ [AG°: 34 and 24 kJ mol ! for 873 K
and 1273 K (600 °C and 1000 °C), respectively].*”)

Figure 3 shows the standard Gibbs free energy for the
above Reactions [1] through [6]. The thermodynamic
calculations were performed using the HSC chemistry
6.1 software for windows.*”!

The results of the thermodynamic calculations indi-
cate that EuOCI(s) can be produced in a first stage by
Reactions [1], [3], and [5]. The formation of oxychloride
has the most negative AG® values and is thermodynam-
ically more feasible to occur than the formation of
europium trichloride. Then, the EuOCI(s) can react
through the following reactions:

EuOCI(s) + Cly(g) — EuCls(s,1) + 1/202(g), [7]

EuOCI(s) + Cla(g) + 1/2C(s) — EuCly (s, 1) + 1/2COx(g),
8]

EuOCI(s) + Cly(g) + C(s) — EuCls(s,1) + CO(g) [9]
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Fig. 3—Ellingham diagram for the reactions involved in the
Eu,05(s)-C(s)-Cly(g) system.

The standard Gibbs free energy for Reactions [7]
through [9] are shown in Figure 3. Reaction [7] has
positive values of AG° for T'> 523 K (250 °C). The curves
show that the Reactions [8] and [9] have negative AG°
values, indicating that they are thermodynamically favor-
able. The oxychloride carbochlorination with formation
of CO»(g) has the most negative AG® values below 973 K
(700 °C), so it is thermodynamically more feasible to
occur at these temperatures. Reaction [9] has lower AG®
values at temperatures higher than 973 K (700 °C). The
curves associated with the EuCl; formation through
Reactions [8] and [9] in the presence of the reducing agent
cross each other at 973 K (700 °C), the same temperature
where the curves corresponding to the formation of CO(g)
and CO»(g) have the same Gibbs energy value. This
behavior is caused by the Boudouard reaction:

CO5(g) + C(s) — 2CO(g). [10]

Reaction [10] has positive values of AG® for temper-
atures lower than 973 K (700 °C); it is equal to zero at
973 K (700 °C) and has negative values for temperatures
above 973 K (700 °C).*
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Fig. 4—Phase stability diagrams of Eu-CI-O system at («) 673 K (400 °C) and (b) 1023 K (750 °C). The experimental conditions are indicated

with an asterisk.

Figures 4(a) and (b) show the phase stability diagrams
of Eu-Cl-O system at £673 K and 1023 K (400 °C and
750 °C)], respectively.”” The axes of the diagrams are
the logarithms of the partial pressure of O,(g) and
Cly(g). At the beginning of the chlorination reactions,
the values of partial pressure of Cly(g) and O,(g) were
0.35 and 10~* atm, respectively, and these are indicated
by an asterisk. The O,(g) is present in Ar(g) as an
impurity. The possible stable condensed phases are
Eu(s), EuO(s), Eu,05(s), EuOCI(s), EuCly(s,l), and
EuCl;(s,l). The phase stability diagrams shows that
there is not a thermodynamic equilibrium between
Eu,03(s) and EuCl;(s,]) at 673 K and 1023 K (400 °C
and 750 °C). Therefore, EuOCI(s) has to be formed prior
to the formation of EuCls(s,l) from Eu,O5(s).

IV. RESULTS AND DISCUSSION

A. Nonisothermal Carbochlorination Reaction

Figure 5 shows the relative sample mass change as a
function of temperature between room temperature and
1223 K (950 °C). TG data is expressed as the fractional
oxide mass loss given by percent pct AM/Mgy,0,. Wwhere
AM is the mass change and Mjgy,0, i8S the initial
Eu,05(s) mass in the Eu,05(s)-C(s) mixture. The exper-
imental conditions were: a linear heating rate of 3.8
°C min '; PCl, = 35 kPa, Cly(g)-Ar(g) flow = 8 Lh',
Mogw,0, = 10 mg, and percent carbon = 6.

The nonisothermal carbochlorination of Eu,Os(s)
showed that the reaction consists of three stages. The
reaction starts at approximately 523 K (250 °C), show-
ing a sharp mass increase until the mass change reaches
a value of pct AM/Mogy,0, = 15.6 at 698 K (425 °C),
coinciding with the relative mass change expected for
Reaction [5]. This condition is referred to as stage I.
From 698 K to 848 K (425 °C to 575 °C) mass change is
not observed. The relative mass change increases until a
value of 40 pct between 873 K and 943 K (600 °C and
670 °C). This part of the carbochlorination reaction is
called stage II. For temperatures above 943 K (670 °C),
after stage II, the nonisothermal curve proceeds with
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Fig. 5TG curve for nonisothermal carbochlorination of Eu,Os(s)
and vapor pressure of EuCly and EuCl,.

mass loss. The vapor pressure curves of europium chlorides
are shown in Figure 5.”°) The mass loss observed at
temperatures above 943 K (670 °C) is referred as stage III.

B. Isothermal Experiments

1. Analysis at 673 K (400 °C): contribution
to the study of stage I

In order to determinate the products of reaction,
stoichiometry and kinetics of Stage I experiments were
performed at 673 K (400 °C) and different percentages of
carbon: 0, 6 and 10 pct. The experimental conditions
were: PCl, = 35 kPa, Cly(g)-Ar(g) flow = 4 L h''; and
Mogy,0, = 10 mg. Figure 6 shows AM/Mg,,0, Vs t curves
for these experiments. The TG showed a mass increase
until the change reaches a value of AM Myg,,0, = 0.155,
which coincides with the relative mass change of Reac-
tion [5]. This result indicates that the carbon is not
consumed because the values of AM/Mg,,0, expected for
Reaction [3] (with formation of CO,) and Reaction [1]
(with formation of CO) are 0.14 and 0.13, respectively.

Besides, Figure 6 shows that the reaction rate is
unaffected by carbon content.
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Fig. 6—Influence of carbon content in the chlorination of
Eu,05(s) at 673 K (400 °C).

The solid product was characterized by SEM and
XRD. Figure 7 shows the XRD pattern obtained in
which a good agreement is achieved with the corre-
sponding reference pattern for the europium oxychlo-
ride also shown in the figure.’” The analysis performed
by WD-XRF of the solid residue was consistent with the
chemical formula of EuOCI(s). Figure 8§ shows SEM
images of the solid residue after reaction at 673 K (400
°C). The SEM image of Figure 8(a) shows an unreacted
carbon, which has completely smooth surfaces. Figure
8(b) shows that the EuOCI(s) particles have a size of 2 to
5 um, which form agglomerates of several microns.

Therefore, the results indicate that the reaction which
is taking place in stage I is Reaction [5].

In a work recently published, we have studied the
kinetics of the chlorination reaction of Eu,Os(s) and the
following overall rate equation for the reaction of
Eu,05(s) with Cly(g), between 573 K and 673 K (300
°C and 400 °C), was obtained:["®!

da 5 0.5471
az3.6>< 10 [skPa ]
« e—(11skI-mol™")/RT (PClz[kPa])0'54 [11]

x 1.45 x (1 — og) e [_ 11’1(1 _ a)}0.3l

Rate [s_l} =

2. Analysis at 933 K (660 °C): contribution
to the study of stage I1

a. Effect of carbon content. The temperature was cho-
sen to be 933 K (660 °C) in stage II of the carbochlo-
rination reaction of europium oxide.

To analyze the influence of carbon content on the
Eu,03(s) carbochlorination reaction rate, the reactions
were performed with different carbon percentages. The
experimental conditions were 7' = 933 K (660 °C); PCl,
= 35 kPa and Cly(g)-Ar(g) flow = 4 L h''; and Mog,,0,
= 3 mg and pct carbon = 0 to 10. The corresponding
TG curves with the AM/Mygu,0, as a function of time
are depicted in Figure 9. These curves indicate that the
carbon content has an influence on the products and
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Fig. 7—XRD patterns of the product of Eu,Os(s) carbochlorination
at 673 K (400 °C), and the EuOCI(s) reference.

kinetics of the stage II. The inset plot in Figure 9 is a
magnification of the reaction beginning (stage I); it
showed independence of the reaction with the carbon
content.

The XRD analyses of final products of the reactions
at 933 K (660 °C) are displayed in Figure 10. For a
comparison, the reference patterns of EuOClI(s) and
EuCls(s) are displayed in Figure 10.”*% The hygroscopic
samples were opened in a glove box to be characterized.
The product of carbochlorination with 6 pct initial
carbon at 933 K (660 °C) was identified as EuCl;(s) by
WD-XRF. Figure 11 shows an SEM image of the
product, and particles of carbon partially reacted during
the interaction with Cly(g) were observed, which are
contained inside solidified EuCls(s).

The mass balances performed in the first stage, the
formation of EuOCI(s), and the independence of initial
carbon content are in agreement with Reaction [5].

By comparing the experimental diffractograms with
the reference patterns is inferred that the reaction
product is EuOCI(s) for 0 pct carbon, a mixture of
EuOCI(s) and EuCls(s) for 3 pct carbon, and
EuCl;(s) for carbon content higher than 6 pct.

The behavior observed for the carbon content influ-
ence can be explained by taking into account the
thermodynamic and kinetic effects of the sucrose car-
bon. The thermodynamic effect is to provide a low
oxygen potential atmosphere, favoring the formation of
the chloride. The kinetic effect is a result of the
formation of highly reactive gas intermediates.!*¢ "

If the temperature is close to the melting temperature
(T) of EuCls and pct C higher than stoichiometry of
the carbochlorination reaction, the system advances
through second stage until the complete formation of
the chloride. If the temperature is lower than 7, EuCls
or the percent carbon lower than stoichiometry of
reaction, a fraction of the EuOCI(s) produced through
first stage is carbochlorinated forming EuCls(l) and the
final product is EuOCI(s) + EuCl;().

Figure 12 shows the infrared spectrum of the gases
collected after a carbochlorination was carried out at
933 K (660 °C) in the fixed bed reactor. The experi-
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Fig. 10—XRD patterns of the products of the Eu,Os(s) carbochlori-
nation with 0, 3, and 6 pct of initial carbon at 933 K (660 °C),
EuOCiI(s) and EuCl;(s) reference.

mental conditions were PCl, = 101 kPa (1 atm), Cly(g)
flow = 2L h!, Mogw,0, = 50 mg, and percent carbon
= 6. The gas species were conducted to the cell for
FTIR analysis after 120 seconds of reaction. The gases
passed through the cell for 120 seconds; then the cell was
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Fig. 11-—SEM image of EuCls(s) produced at 933 K (660 °C).
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Fig. 12—Infrared spectrum of gas species generated after
Eu,05;(s) carbochlorination at 933 K (660 °C).

isolated and afterward they were diverted to the purge.
The cell was removed and analyzed by FTIR.

The FTIR spectrum revealed the presence of
CO»(g) and COCly(g). The absorption bands at 610 to
723, 2343 to 2361, and 3545 to 3760 cm ™! correspond to
carbon dioxide and the bands at 555 to 605, 785 to 875,
and 1650 to 1880 cm ' belong to phosgene (COCIly(g)).

The production of COCl,(g) was not proposed because
it was not detected in the carbochlorination reactions
with sucrose carbon,l'” 2 and COCly(g) decomposes
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forming CO(g) and Cl»(g) at temperatures above 923 K
(650 °C).”?! However, the reaction between Cly(g) and
CO(g) with formation of COCly(g) may happen in the
cold zones of the reactor.

Therefore, the identification of the gas products
indicates that the reactions at the second stage are the
Reactions [8] and [9]. In the following sections, we have
studied the kinetics of the reaction of the second stage.
The carbon content used was 6 pct, which allows the
reaction of europium trichloride formation is complete.

b. Effect of chlorine flow rate. The overall rate in gas—
solid reactions can be controlled by gas phase mass
transfer by two processes: reacting gas starvation and
convective mass transfer through the boundary layer.
The first process can be analyzed by studying the
effect of the total flow rate on the reaction rate.[’*
Three different flow rates were evaluated: 2, 4, and
8 L h''. Figure 13 illustrates the effect of chlorine flow
rate on the carbochlorination kinetics of Eu,Os(s) at
933 K (660 °C). The experimental conditions were
PCl, = 35 kPa and percent carbon = 6. It can be
concluded that the supply rate of chlorine is not
influencing the kinetics parameters of second stage at
this temperature.

c. Effect of initial sample mass. Figure 14 shows the
effect of the sample mass between 1 and 20 mg in
carbochlorinations performed at 888 K and 933 K (615
°C and 660 °C) with the following experimental condi-
tions: PCl, = 35 kPa, Cly(g)-Ar(g) flow = 4 L h'!, and
percent carbon = 6. The thermogravimetric curves
show that the reaction kinetics depends on the sample
mass. It can be seen that the reaction rate becomes faster
as the starting mass sample increases from 1 to 20 mg.
This behavior is not the most common in gas—solid
reaction kinetics. An increment in the reaction thickness
bed generally causes the following, depending on the
importance of the diffusion through the sample pores:
(1) a diminution in the reaction rate for systems affected
by this diffusion or (2) no change in the kinetics for
systems that are not influenced by this transfer process.
The increase of the reaction rate with the initial mass
can be related to the formation of highly reactive gas
intermediates, in which chlorine radical (Cl) is the most
probable to be formed in the Cl,(g)-C(s) interac-
tion.?%?73 As the reaction thickness of the bed
increases, the reaction probability before the recombi-
nation to form Cly(g) increases. When the reaction
thickness diminishes, the chlorine radicals have a higher
probability of escaping from the sample and do not
interact with the oxychloride and carbon.

Taking in consideration the preceding observa-
tions!?®>73*3% and the results obtained in the present
investigation, the mechanism of second stage is sug-
gested to be as follows:

e Activation of chlorine on the carbon surface:

Cly(g) + C(s) = 2CI'(g) + C(s) [12]
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Fig. 13—Influence of gaseous flow rate in the carbochlorination of
Eu,05(s) at 933 K (660 °C).

e Chlorination of europium oxychloride by the active
species CI(g):

EuOCI(s) + 2CI'(g) = EuCls(I) + 1/202(g)  [13]

e Carbon oxidation:

1/204(g) + 1/2C(s) = 1/2C0x(g) [14]
1/20,(g) + C(s) = CO(g) [15]

To analyze the effect of temperature and chlorine
partial pressure on the Eu,O5(s) carbochlorination rates,
initial mass of 3 mg was chosen because the two
carbochlorination stages are well differentiated.

C. Determination of the Rate Equation for the Formation
of EuCls(l) (Stage II)

Usually, the rate of a heterogencous solid—gas reac-

tio[r%G]can be written, assuming separability of variables,
as:-

% — K(T) - F(PCL,) - G(x) [16]
In Eq. [16], G(z) is a function that describes the
geometric evolution of the reacting solid, K(7) refers to
an Arrhenius equation, and F(PCl,) expresses the depen-
dence of the reaction rate with the gaseous reactant.

In the present case, the mass change measured in the
thermobalance includes the weights of Eu,Os(s) and
EuOCI(s) at the first stage and of EuOCI(s) and EuCl;(I)
at the second stage, taking as second stage initial mass
the EuOCI(s) formed in carbochlorination in first stage,
and the AM/Mgy,0, observed in the thermogravimetry,
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Fig. 14—Influence of initial sample mass in the carbochlorination of Eu,Os(s) at (a) 888 K (615 °C) and () 933 K (660 °C).

Table I. Calculated and Experimental Cl,(g) Molar Transfer Rates

Temperature [K (OC)] Ncalculated (m01 Cl2 Sil)> NC Nexperimental (Il’lOl C12 Sil)’ NE NC/NE
888 (615) 6.1 x 10°° 2.54 x 10°8 240.2
903 (630) 6.1 x 10°° 3.56 x 107 171.3
918 (645) 6.2 x 10°° 3.74 x 108 165.8
933 (660) 6.3 x 10°° 4.56 x 1078 138.2
943 (670) 6.5 x 10°° 491 x 1077 64.7

the degree of conversion of the second stage is defined

as:
< AM
0= —

-4.27 | —0.66. 17
MOEuzO3 ) [ ]

1. The Ranz-Marshall correlation

The influence of the mass transfer through the
boundary layer surrounding the solid sample on the
reaction rate was analyzed between [888 and 943 K (615
and 670 °C)] by comparing the experimental rate (Ng)
with the rate of chlorine diffusion calculated (N¢) by
using the Ranz-Marshall correlation.*”)

The calculation of Nc and the determination of Ng
were carried out through the same procedure as detailed
in th[(leg]work Kinetic Study of Europium Oxide Chlorina-
tion.

Table I shows the values of N for PCl, = 35 kPa,
Cly()-Ar(g) flow = 4 Lh™', Mogw,0, = 3 mg, percent
carbon = 6, and several temperatures.

In the temperature range between [8§73 K and 933 K
(600 °C and 660 °C)], the binary diffusion coefficient can
be[gzg](pressed by: Dci,—Ar (cm’*s ) =-0.14 + 1.5x 103
T.

When the experimental rate is in the order of the
calculated value, it can be concluded that the mass
transfer influences the reaction kinetics. On the oppo-
site, when the experimental rate is two or more orders of
magnitude smaller than the calculated value, the reac-
tion rate is not affected by mass transfer in the gas
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phase. In the case of reaction under diffusion control,
the interfacial reaction rate will be so fast that the
reaction rate will be controlled by diffusion through the
boundary layer; then, the experimental values Ng will
tend to the calculation values.!"®! For these reasons, the
experimental values cannot be greater than the calcu-
lated values. As can be seen in Table I, the experimental
rates at 933 K (660 °C) and lower temperatures are two
or more orders of magnitude smaller than Nc. These
results indicate that at 7 < 933 K (660 °C), the
convective mass transfer through the boundary layer is
not the rate-controlling step.

2. Effect of chlorine partial pressure

The influence of PCIl, on the second stage kinetics was
analyzed at 933 K (660 °C) varying the partial pressures
of Cly(g) between 20 and 70 kPa with 3 mg of
Eu,O5(s) in the initial mixture and 6 pct carbon.
Figure 15 shows the curves of conversion degree vs
timey;, where timey; is defined considering the starting
time of the second stage as the end time of the first stage.
To calculate the order of the reaction with respect to
PCl,, Eq. [16] was integrated; F(PCl,) was assumed as
B-PCI> (where B is a constant and x is the reaction order
with respect to the chlorine partial pressure). From the
slope of the straight lines of the —In #;; vs PCl, plot for
different conversion degrees, is obtained the reaction
order x (Figure 15 inset shows these plots). It was found
that the carbochlorination second stage rate was pro-
portional to a potential function of chlorine partial
pressure, whose exponent x is 0.56. This reaction order

VOLUME 46B, FEBRUARY 2015311



1,04

Temperature: 660 °C S /
0,8+ Flow: 41h" e
M :3mg

_Z220kPa

| 0 Eu203" ] i”
3 39 % Carbon: 6% e SR
. 50 kPa
2 70 kPa

0 100 200 300 400 500 600 700
time  (s)

Fig. 15—Influence of pressure of Cly(g) on the carbochlorination of
Eu,05(s) at 933 K (660 °C). Timey; is defined considering the start-
ing time of the second stage as initial time.

is close to 1/2, which could be attributed to the
formation of two chlorine radicals (Cl) from a chlorine
molecule, the slow step of the mechanism suggested
previously (Reaction [12]).

3. Effect of temperature-activation energy

Figure 16 illustrates the effect of temperature on the
carbochlorination of 3 mg of Eu,Os5(s) at PCl, =
35 kPa, Cly(g)-Ar(g) flow = 4 L h! and percent carbon
= 6. These curves indicate that the second stage rate of
the carbochlorination reaction is increased as the
temperature is raised, and if the temperature is 873 K
(600 °C), then the final product is EuOClI(s) and the
second stage does not occur.

The apparent activation energy (E,) of the second
stage was calculated using the “model-free”*%*%! meth-
od: Equation [16] is integrated, K(7) is assumed that
follows an Arrhenius form, PCl, is a constant value, and
natural logarithms are applied:

In 5 = 1n g() + Ea _ cte + Ey 1
W R(PCL) Ky | Re-T R,) T
[18]

where #y; is the time at which the reaction reaches a
conversion degree at a temperature 7" and R, is the
universal gas constant. Therefore, if the chlorine partial
pressure remains constant, and the time to attain a
certain reaction degree is determined as a function of
temperature, Eq. [18] allows to obtain the activation
energy from the slope of the plot In #;; vs T

Figure 16 inset shows a plot of In #;; vs T' for o =
0.2, 0.35, 0.55, and 0.75. E, is calculated through the
slope of the curve for each o value.

The fit straight lines are practically parallels for every
conversion value; this behavior is indicating that the
controlling mechanism is the same at all conversions
analyzed. The value obtained for E, was 164 £ 15 kJ/
mol.

The increase in the reaction rate with temperature can
be attributed to the increase in the activity of the carbon
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Fig. 16—Conversion degree vs timej; for temperatures between
[873 K and 933 K (600 °C and 660 °C)].

surface with temperature. The higher the temperature,
the higher the activity; i.e., the higher the energy state of
active surface atoms of carbon, the lower can be the
kinetic energy of the chlorine molecules hitting the
surface and causing Reaction [12].

4. Reaction model-determination of G( o)

The sigmoidal shape of the thermogravimetric curves
is characteristic of a “‘nucleation and growth reaction
mechanism.” The conversion curves were fitted accord-
ing with the Avrami-Erofeev model,*'*?! as follows:

a=1—exp(=[k(T) - m]"), [19]
k(T) = ko - exp (— Rfd T>' [20]

where k(7) is the global rate constant (different from
K(T) in Eq. [16]), k¢ is the preexponential factor, E, is
the effective activation energy, and n is the Avrami
exponent. The parameters ko, E,, and n depend on the
nucleation and growth mechanisms. Table II summa-
rizes the values of the parameter n» which may be
obtained for various boundary conditions.*?)

The conversion curves of Figure 16 were fitted with
Eq. [19], and Table III shows the values of n, k(7), and
correlation coefficient R obtained from a nonlinear least
squares fitting.

Figure 17 shows the experimental curves (line graphs)
and the fitted curves (scatter graphs), showing the good
fit between them. The average value of n obtained was
3.8 £ 0.6. This value for n is consistent with a three-
dimensional growth and phase boundary controlled.

The apparent activation energy in the temperature
range of [888 K to 933 K (615 °C to 660 °C)] was
calculated from the values of the global rate constant
k(T). Figure 18 shows the plot of In k vs T"', from which
a value for the apparent activation energy of 154 +
5 kJ mol”' was obtained. This value is similar to the
activation energy calculated by the “model-free” method.
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Table II. Values of n for Combination of the Different
Nucleation and Growth Models
Phase Boundary Diffusion
Kinetic Model Controlled Controlled
Three-dimensional growth 4 2.5
Two-dimensional growth 3 2
One-dimensional growth 2 1.5

Table III. Values of Parameters n and k(7) Obtained from
the Fits of Conversion Curves with the Avrami-Erofeev Model
Correlation
T [K (°C)] K(T) (seg™) n Coefficient R
888 (615) 1.02 x 1073 4.25 0.9987
903 (630) 1.46 x 1073 4.30 0.9987
918 (645) 1.96 x 1073 3.64 0.9998
933 (660) 2.82 x 1073 3.00 0.9990
Lo e N LR s v 2o
0.8+ g60°Cc.~ T
Y o r nl’!
s 061 645 °C . .
: 630 °G -
0.4+ / AT e1sege”
02+ » >
0,04 sessriiaeriiin !W!,,EAEJ*:;
| PCl: 35 kPa
( Flow: 4 Lh™
! MO Eu203: 3 mg
} % Carbon: 6
0 200 400 600 800 1000
time (s)

Fig. 17—Fits of the conversion curves with Avrami-Erofeev model.
Line graphs: experimental curves; scatter graphs: calculated curves.

An overall rate equation was obtained, which includes
the effects of the parameters analyzed (preexponential
factor was obtained for each temperature by combining
Eqgs. [16], [19], and [20], and calculating the average
value):

Rate[s‘l] = % =15x%10° s - kPaO.Sé]*l

« e—(154kImol")/RT o, (PClg[kPa})o'Sé [21]
x 3.8 x (1 —a) x [—In(1 — o))",

D. Final Remarks Regarding Stage II1
[T > 943 K (670 °C)]

The nonisothermal thermogravimetry of the Eu,O;
carbochlorination (Figure 5) showed that for tempera-
tures above 943 K (670 °C) is observed a mass gain
corresponding to the formation of liquid EuCls,
and afterward a mass loss which corresponds to the
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Fig. 19—Infrared spectrum of gases species of Eu,Os(s) carbochlori-
nation at 1173 K (900 °C).

evaporation of the chloride. The XRD analysis con-
firmed that the final condensed product of the reaction
at 1173 K (900 °C) and 6 pct C is EuCls.

The identification of gas products of the reaction of
EuCl; production at 1173 K (900 °C) was performed by
FTIR. The experimental conditions used in the fixed bed
reactor were as follows: PCl, = 101 kPa (1 atm), Clx(g)
flow = 2L hl, Mogy,0, = 50 mg, and percent carbon
= 6. The gases at the outlet of the reactor were
conducted to the FTIR cell during the initial 60 seconds
of reaction, and they were subsequently diverted to the
purge. The FTIR absorption spectrum showed in
Figure 19 has the same absorption bands than the
spectrum of Figure 12, revealing the presence of
CO»(g) and COCly(g). Therefore, the identification of
the gas products is indicating that at 1173 K (900 °C)
the Stage II of the Eu,O3 carbochlorination proceeds by
Reactions [8] and [9].

The Boudouard reaction is an endothermic reaction in
which CO,(g) reacts with carbon producing CO(g). This
reaction is favored by high temperature; however, the
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analysis by FTIR shows that the relations of CO»(g) and
CO(g) are not affected by the increase of the tempera-
ture, and the thermodynamic predictions are not
observed experimentally.

V. CONCLUSIONS

The Eu,05(s)-C(s)-Cl,(g) system was analyzed in the
temperature range from room temperature to 1223 K
(950 °C). The results showed that the reaction proceeds
through three stages.

The reaction product in the first stage is EuOCI(s).
This reaction occurs for temperatures higher than 523 K
(250 °C), and the kinetics do not change with the
addition of sucrose carbon to the starting Eu,05(s).

The second stage begins at temperatures higher than
873 K (600 °C), such that the reaction product at 933 K
(660 °C) varies according to the percent carbon;
EuCl;(l) is the only final product when the content
exceeds 6 pct.

The identification by FTIR of the gas products in the
second stage was performed at [933 K and 1173 K (660
°C and 900 °C)]. The interpretation of the results
showed that both CO(g) and CO,(g) are formed during
the carbochlorination reaction. This behavior is not the
expected by the thermodynamic calculations.

The evaporation of the EuCls(l) is observed in the
third stage for temperatures higher than 943 K (670 °C).

The reactions for the three stages in the Eu,Os(s) car-
bochlorination are:

Stage I: EuyO;(s) + Cla(g) + C(s) — 2EuOCI(s) +
1/204(g) + C(s) [T>523 K (250 °C)]

Stage II: EuOCI(s) + Cly(g) + 1/2C(s) — EuCls(s,1) +
1/2C0O5(g)

EuOClI(s) + Cly(g) + C(s) — EuCls(s,1) + CO(g)
[T>873K (600°C)]

Stage  III.  EuCl3(l) - EuCls(g)
(670 °C)]

The influences of the parameters that affect the kinetics
of stage I were analyzed. The reaction order with respect
to the chlorine partial pressure was 0.56. Conversion
curves vs time were analyzed with the description of
Avrami-Erofeev for nucleation and growth mechanisms.
Avrami-Erofeev parameters obtained were n = 3.8 +
0.6 and E, = 154 + 5 kJ mol ' in the temperature range
of [888 K t0 933 K (615 °C to 660 °C)].

Finally, it was obtained an overall rate equation of the
carbochlorination stage II:

[T > 943 K

Rate[s™'] = % =1.5x10°[s- kPaO-SG]*l

% e—(154kJ~mol’l)/RT % (PClz[kPa])°‘56
x 3.8 x (1 —a) x [=In(1 —a))*™
It was observed that the kinetics of the second stage
show an anomalous behavior respect to the variation of

the reaction bed thickness. An increase of the sample
initial mass and the carbon content leads to an
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increment of the reaction rate. This behavior can be
explained by the generation of highly reactive interme-
diate species, such as chlorine radicals (Cl) produced
during the interaction of Cl,(g) with carbon.
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