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A quantitative analysis of the chlorination of samarium sesquioxide
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Abstract

In this work, the experimental data of the chlorination of Sm2O3 analyzed previously by thermogravimetry (TG) between 200 and 350◦C is
fitted using the equations of Johnson–Mehl–Avrami (JMA). The presence of a change of the apparent activation energy (Eap) is correlated to
a change on the parameters (nandk) of the JMA model. The values ofn found were 1/2 and 2/3 in the 200–270 and 270–350◦C, respectively.
These values were correlated to a change on the mechanism of the reaction. Thek values obtained from the JMA equations were used to
confirm the experimentalEap values previously found in the mentioned higher and lower temperature range: 45± 5 and 130± 5 kJ mol−1,
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espectively. The nucleation and growth processes observed were also in agreement with results obtained by scanning electron
SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD).
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. Introduction

The synthesis and isolation of different lanthanide oxy-
hlorides from either synthetic or natural lanthanide oxide
ixtures constitutes a field of interest due to the many ap-
lications of these compounds in luminescence and optics

1,2]. Many of the advantages of the oxychlorides are related
o their stability at room temperature, which facilitates their
torage and handling.

Like those of the other compounds of lanthanides, the mi-
rostructure and properties of the obtained SmOCl depend on
he kind of precursor and temperature of synthesis used. This
ompound can be obtained by direct chlorination of Sm2O3
resent as such or as a constituent of oxide mixtures[3,4].
his process leads to the formation of SmOCl according to

he following stoichiometry in the 190–950◦C temperature

∗ Corresponding author. Tel.: +54 2944 445100/5132;
ax: +54 2944 445299.

range[4]:

Sm2O3(s)+ Cl2(g) = 2SmOCl(s)+ 1
2O2(g) (1)

At high temperatures, from 950 to 350◦C, external mas
transfer influences the reaction rate. Between 350 and 20◦C,
the chlorination progresses slowly under mixed chemica
transport control[4]. In this temperature range, the form
tion of the oxychloride is thought to be achieved by nu
ation and growth over the particles of the initial oxide[4].
Since both the size and microstructure of the particles
tained are dependent of the conditions and temperatu
synthesis, a further analysis of this process is done in
to determine the conditions under which a controlled gro
of the particles of SmOCl can be obtained. In this wor
first approximation to the quantitative analysis of the ch
nation of Sm2O3 in the 200◦C to 350◦C temperature rang
is reported. The evolution of the reaction is modeled acc
ing to the equations of Mehl-Johnson-Avrami (JMA) [5–
The chlorination for growth of potential precursors suc
SmOCl is used in the industrial field and the present w
augments scientific knowledge.
E-mail address:esquivel@cab.cnea.gov.ar (M.R Esquivel).
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2. Data presentation

The temporal evolution of the reaction (1) previously an-
alyzed[4] can be represented by:

αSm2O3 = f
�m

m0
(2)

whereαSm2O3,�m,m0 andfstand for reaction degree, Sm2O3
mass change, initial Sm2O3 mass and a stoichiometric coef-
ficient that correlates the mass change on the electrobalance
used to measure this reaction[4]. In this case, this coefficient
is equal to 6.36.

3. Results and discussion

3.1. Characteristics of the reaction and its relationship
with nucleation and growth processes

The progress of the reaction represented by Eq.(1) [4] can
be observed inFig. 1. In this figure, an experimental TG curve
of the reaction at 300◦C is shown[4]. A marked “s” shaped
form on the curve can be seen. This behavior is repeated in
all the experiments conducted within the 200–350◦C tem-
perature range[4]. This is an indication that the reaction pro-
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Fig. 2. Diffraction patterns of the reaction products at 300◦C at vari-
ous αSm2O3: (A) αSm2O3 = 0.0, (B) αSm2O3 = 0.2, (C) αSm2O3 = 0.6, (D)
αSm2O3 = 1.0, (E) reference pattern of SmOCl[12] and (F) reference pat-
tern of Sm2O3 [11].

The strong morphological similarities between both initial
Sm2O3 and final SmOCl plate like particles observed in the
insets ofFig. 1and the fact that no other phases were observed
at intermediateαSm2O3 (Fig. 2) also supports the assumption
that the temporal evolution of the reaction is achieved by
nucleation and growth of the solid SmOCl over the solid
Sm2O3.

3.2. Application of the JMA equations

The parameter that represents the fraction of the phase
transformed isαSm2O3 which is defined by Eq.(2). This is
reasonable because no phase other than SmOCl was detected
(over Sm2O3) as described in the previous section. Then, the
nucleation and growth of this new phase can be represented
by the JMA model[5–8]. This model assumes that the nucle-
ation is either constant or a maximum at the beginning of the
transformation and decreases during this process[5–6]. The
following equation represents this behavior:

αSm2O3 = 1 − exp(ktn) (3)

In this equation,t stands for the time of transformation andk
andnare parameters that depend on the mechanism of trans-
formation. The values ofn are correlated to the morphology
and mechanism of the growth[17].
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resses under nucleation and growth processes[9,10].
SEM images of the initial Sm2O3 and final product SmOC

re shown in the left upper inset and the right lower ins
ig. 1, respectively. SmOCl particles were also identified
DS.
The experimental diffraction patterns of the product

eaction obtained at variousαSm2O3 (Fig. 2(A–D)) along with
he reference patterns of both Sm2O3 [11] and SmOCl[12]
re reported inFig. 2. No other products such as SmCl3 [13],
mCl2 [13], Sm4OCl6 [14] or Sm3Cl7 [15] were found. No

educed oxides such as SmO were detected[16].

ig. 1. A characteristic TG curve for this reaction at 300◦C [4]. A marked
s” shape is observed. The left upper inset shows a SEM image of the
m2O3. The right lower inset shows a SEM image of the obtained Sm
his last compound was also identified by EDS.
.3. Fitting of the data obtained previously[4]

To determine then andk parameters involved in Eq.(3),
he experimental data was evaluated using different integ
vrami–Mampel–Erofeev equations[17] considering nucle
tion and growth as rate limiting process, growth rate b
etermined by the chemical reaction at the boundary o
rowing nucleus[17] and growth rate being limited by diffu
ion from the phase boundary to the surface[17] according
he following expression:

t = n(−ln(1 − α))n (4)
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Fig. 3. Fitting of the experimental data obtained in a previous work[4]
using Eq(4). The values ofn found for TG curves under and over 270◦C
correspond to 1/2 and 2/3, respectively. The correspondingR-correlation
values for each curve are displayed in the third column ofTable 1.

The fitting of the experimental data[4] using Eq.(4) is dis-
played inFig. 3.

The best fitting for curves between 200 and 270◦C is
achieved withn= 2/3. For curves between 270 and 350◦C, the
best fitting is achieved withn= 1/2. Thek values obtained at
each temperature are displayed in the third column ofTable 1.

3.4. The apparent activation values and the evolution of
the chlorination

The apparent activation energy (Eap) involved in the pro-
cess described by Eq(4) usingn= 1/2 and 2/3 can be cal-
culated if thek values obtained are represented against
the inverse of the absolute temperature. The calculation is
shown inFig. 4. Between 350 and 270◦C, anEap value of
130± 1 kJ mol−1 is obtained. Between 270 and 200◦C, aEap
value of 45± 5 kJ mol−1 value is obtained. These values are
in agreement with those previously obtained[4].

Table 1
The n and k values obtained at various temperatures in the 270–350◦C
temperature range from fitting of the curves shown inFig. 3using Eq.(4)

T (◦C) n k (s−1) R

350 1/2 4.48× 10−4 0.993
340 1/2 2.96× 10−4 0.997
3
3
3
2
2
2
2
2
2

R urves
s

Fig. 4. Calculation of theEap in the 350–200◦C temperature range using
the values ofk displayed inTable 1.

The diminution of theEap as temperature increases sug-
gests that the reaction is selecting an alternative process be-
tween reactions in parallel[18]. At the higher temperature
range, the parametern found equal to 1/2 suggests that both
nucleation and growth are the limiting processes. In this
case, the rate of growth is limited by the chemical reaction,
which is produced within the boundaries of the growing nu-
cleus[17]. The global process is achieved under anEap of
130± 1 kJ mol−1. At the lower temperature range, the value
n found (2/3) suggest that the reaction is controlled by growth
which global rate is controlled by the diffusion rate from the
boundary of the phase to the surface[18]. This last process is
correlated with the increment in the depth of the sample (since
SmOCl is deposited over unreacted Sm2O3) and the distance
of contact between the particles of the sample. Since both
processes are affected by the intrinsic chemical reaction, the
values ofEap obtained were assigned to the global process.

4. Conclusions

In this work, a further analysis of the chlorination of
Sm2O3 [4] is performed. Complementary analyses of the re-
action products to those previously studied[4] were used to
confirm that SmOCl(s) is nucleated over Sm2O3(s). The nu-
c g the
J qua-
t and
g ults
o -
p ism of
r

on-
t on-
t ase
t

25 1/2 1.55× 10−4 0.998
15 1/2 8.79× 10−4 0.998
00 1/2 5.24× 10−5 0.998
90 1/2 3.78× 10−5 0.999
80 1/2 3.00× 10−5 0.999
70 2/3 2.93× 10−5 0.999
60 2/3 1.79× 10−5 0.999
50 2/3 1.47× 10−5 0.999
35 2/3 1.03× 10−5 0.999

corresponds to the minimum-squares correlation coefficient of the c
hown inFig. 3.
leation and growth processes observed were fitted usin
MA equations. The parameters obtained from these e
ions were used both to define the form that nucleation
rowth evolve in this reaction and to confirm previous res
n theEapvalues[4]. The increment on theEapvalues as tem
erature raises is associated to a change of the mechan
eaction between parallel paths.

In the 200–270◦C temperature range, the reaction is c
rolled by growth of the nucleus which global rate is c
rolled by the rate of diffusion from the boundary of the ph
o the surface under a globalEap of 45± 5 kJ mol−1.
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In the 270–350◦C temperature range, the reaction is lim-
ited by both nucleation and growth. In this case, the rate of
growth is limited by the chemical reaction, which is produced
within the boundaries of the growing nucleus. In this case,
the reaction evolves under a globalEap of 130± 1 kJ mol−1.
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