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bstract

This study investigated the kinetics of a thermal dechlorination and oxidation of neodymium oxychloride (NdOCl) by using a non-isothermal
hermogravimetric (TG) analysis under various oxygen partial pressures. The results of the isoconversional analysis of the TG data suggests that the
echlorination and oxidation of NdOCl follows a single step reaction and the observed activation energy was determined as 228.3 ± 6.1 kJ mol−1. A

inetic rate equation was derived for a conversion of the NdOCl into Nd2O3 with a power law model, f(α) = 2/3α−1/2. The oxygen power dependency
nd the pre-exponential factor were determined as 0.315 and 3.55 × 105 s−1 Pa−0.315, respectively.

2007 Elsevier B.V. All rights reserved.

n; Ox

c

2

r
t

h
s
a
w
o
a
o
t
o
h

eywords: Non-isothermal thermogravimetric analysis; Thermal dechlorinatio
odel

. Introduction

Neodymium oxide, also called neodymia, has been widely
sed in photonic applications [1]. Glass containing neodymium
xide is used in astronomical work to produce sharp bands by
hich spectral lines may be calibrated. Neodymium oxides are

lso used as a laser material in place of ruby to produce a coherent
ight and as components of advanced materials such as high tem-
erature ceramics and superconductors and of catalytic systems
2–4].

Neodymium oxides have usually been prepared by a well
nown chemical synthesis process with alkoxides as precur-
ors. There are, however, some difficulties in the synthesis of
are earth alkoxides [1]. An electrochemical separation and an
lectrochemical synthesis in molten chloride salts are promis-
ng technologies for obtaining pure metals and oxides of rare
arth (RE) [5–8]. By-products of these electrochemical pro-
esses include RE oxychlorides (REOCl) such as neodymium

xychloride (NdOCl). Pure Nd oxides are additionally obtained
y a thermal treatment of the Nd oxychlorides to emit gaseous

∗ Corresponding author. Tel.: +82 42 868 2575; fax: +82 42 868 2329.
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hlorines in the presence of oxygen as:

NdOCl + (1/2)O2(g) = Nd2O3 + Cl2(g)

Detailed kinetics of the above dechlorination and oxidation
eaction of NdOCl have not been reported in the existing litera-
ures as yet.

TG methods, such as isothermal and non-isothermal methods
ave been used widely to establish the kinetics for a conver-
ion of many solids [9–12]. A non-isothermal TG study has
n advantage in that a wide range of temperatures are covered
ith a single experiment. This study investigated the kinetics
f a thermal dechlorination and oxidation of NdOCl by using
non-isothermal thermogravimetric (TG) analysis under vari-

us oxygen partial pressures. The objectives of this study were
o establish a detailed kinetic model and the kinetic parameters
f the dechlorination and oxidation reaction of NdOCl under
igh-temperature oxidizing atmospheres.

. Theoretical
The influence of the temperature and that of an oxygen partial
ressure on the dechlorination and oxidation reaction for NdOCl
an be described with an Arrhenius equation and a power law

mailto:nhcyang@kaeri.re.kr
dx.doi.org/10.1016/j.tca.2007.05.019
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pproach, respectively. The reaction rate is thus described as:

dα

dt
= k0(PO2 )n exp

(
− E

RT

)
f (α) (1)

here α is the extent of a conversion, k0 the reaction rate con-
tant (s−1 Pa−n), PO2 the oxygen partial pressure (Pa) and n is the
ower dependency of the oxygen partial pressure. The function
(α) represents the influence of a conversion on the conversion
ate. In the case of a non-isothermal reaction, the applied heat-
ng rates are constant and the temperature can be expressed as
= Bt = T0 in which the constant heating rate, B, is given as
T/dt = B. Using this transformation of Eq. (1) and a separation
f the variables results in:

dα

f (α)
= k0

B
(PO2 )n exp

(
− E

RT

)
dT (2)

which can be rewritten as

(α) = ZE

BR
p(y) (3)

n which g(α) is the result of an integral on the left hand side of
q. (2), Z = k0(PO2 )n, and p(y) is a function of the temperature

ntegral on the right hand side of Eq. (2):

(y) =
∫ yc

y0

e−y

y2 dy = e−y

y2 +
∫ yc

y0

e−y

y
dy (4)

n which y = −E/RT. The kinetic parameters Z and E in Eq. (3)
re invariable for a single step reaction. By using a reference at
half conversion (α = 0.5), Eq. (3) is converted into

(0.5) = ZE

BR
p(y0.5) (5)

here y0.5 = E/RT(0.5). Dividing Eq. (3) by Eq. (5), the following
quation is given.
g(α)

g(0.5)
= p(y)

p(y0.5)
(6)

Theoretical master plots are given by plotting g(α)/g(0.5) for
arious g(α) functions. In order to obtain experimental master

l

Fig. 2. SEM photograph of synthesized NdOC
Fig. 1. A schematic experimental apparatus for synthesizing the NdOCl.

lots of p(y)/p(y0.5) against a conversion α from the experimen-
al data, the temperature as a function of α and E should be
stablished in advance. Eq. (4) is not analytically solvable and
any approximations have been proposed and they are still being

iscussed [13–16]. An accurate approximate formula for p(y)
roposed by Wanjun et al. [16] is applied in the present study.

ln[p(y)] = 0.377739 + 1.894661 ln y + 1.001450y (7)

By introducing Eq. (7) into Eq. (3), Eq. (8) is obtained.(
B

) (
ZE

)

n

T 1.894661 = ln
Rg(α)

+ 3.635041 − 1.894661 ln E

−1.001450

(
E

RT

)
(8)

l (a) and its post-TG product, Nd2O3 (b).
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ig. 3. Powdered XRD patterns of synthesized NdOCl (a) and its post-TG
roduct, Nd2O3 (b).

Assuming that neither the reaction model, g(α), nor the acti-
ation energy, E, change for all the conversion levels under a
onstant oxygen partial pressure, a plot of ln(B/T1.894661) against
he reciprocal of the absolute temperature (1/T) at any given
alue of α should lead to the same slopes according to Eq. (8),
hich provide the activation energy of the reaction:

−R
(

d ln(B/T 1.894661)
)

=
1.001450 d(1/T )

(9)

Once the activation energies have been determined, an appro-
riate kinetic model can be found by a comparison of the

ig. 4. Typical mass loss patterns of NdOCl at various heating rates under a
xed oxygen partial pressure (PO2 = 50 kPa).

T
t

F
u

a Acta 460 (2007) 53–59 55

xperimental master plots with the theoretical master plots for
arious reaction models. Based on the determined activation
nergy E and conversion model g(α), the Z values, which are
ifferent for each oxygen partial pressure, are determined by the
ogarithms of Eq. (3).

n[p(y)] = ln(B) − ln

(
ZE

R

)
+ ln(g(α)) (10)

The reaction order with respect to the oxygen partial pressure,
, is estimated from the slope of a graph for the logarithmic of
versus the logarithmic of the oxygen partial pressure (PO2 ).

n Z = ln k0 + n ln PO2 (11)

. Experimental methods

.1. Synthesis and analysis of NdOCl and its thermal
xidation products

Powdered NdOCl was synthesized in LiCl–KCl eutectic
olten salt. The experimental apparatus for synthesizing the
dOCl is shown in Fig. 1. Anhydrous NdCl3 with a purity of
9.99% was premixed with a LiCl–KCl solid salt with a purity
f 99.9% (LiCl: 44.2 wt.%, eutectic point: 633 K) in an alumina
rucible. The crucible containing the mixture was heated up to
23 K in a stainless-steel column and oxygen was sparged into it
rom the bottom. After a 7-h oxygen sparging, the mixture of the
recipitate was sampled and dissolved in distilled water. A pure
ample powder of NdOCl, was then obtained by a vacuum filtra-
ion. SEM photographs of the obtained NdOCl powder and its
hermal oxidation product, Nd2O3 powder, are shown in Fig. 2.
peciation of the obtained samples before and after a thermal
xidation was performed by a powdered XRD pattern analysis
nd the results are shown in Fig. 3.

.2. TG analysis
Non-isothermal TG analyses by using TG/DTA (SDT-6120,
A instruments Inc.) were performed from room temperature
o 1673 K. The temperature of the furnace was programmed

ig. 5. Typical mass loss patterns of NdOCl at a fixed heating rate (5 ◦C min−1)
nder various O2 partial pressures.
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o rise from room temperature to 1073 K with a heating rate of
0 K min−1. After an initial rapid heating, the furnace was slowly
eated from 1073 K to 1673 K with heating rates of 5, 10, 15 and
0 K min−1. At each heating rate condition, four oxygen partial
ressures were tested: 21, 50, 75 and 100 kPa of oxygen and the
emainder consisted of pure nitrogen (>99.9%).

. Results and discussion

.1. Mass change patterns of the NdOCl

The mass loss as a function of the temperature of the NdOCl
owders at different heating rates under a fixed O2 condition
nd those at a fixed heating rate under different O2 conditions
re plotted in Figs. 4 and 5, respectively. Increasing the heating
ate or decreasing the gaseous oxygen concentration resulted in
decrease in the conversion rate. This indicates that the conver-

ion of NdOCl into Nd2O3 is an oxygen-dependent endothermic
eaction.

.2. Activation energy estimation

Obtained thermo-gravimetric data was analyzed to determine
he activation energy for different levels of a conversion by
sing Eq. (9). A typical plot, constructed to evaluate the slopes

ln(B/T1.894661)/d(1/T), is shown in Fig. 6. If the conversion
echanisms are the same at all the conversion levels, the lines
ould all have the same slopes, which is the case here. This pro-

ess was repeated for different sets of experiments at different

4

s

able 1
inetic model equations examined in this study

o. Symbol Reaction model

varmi–Erofeev
1 A1/2 n = 0.5

2 A3/2 n = 1.5
3 A2 n = 2
4 A3 n = 3
5 A4 n = 4

hase boundary controlled reaction
6 R1 Contracting linear
7 R2 Contracting area
8 R3 Contracting volume

iffusion
9 D1 One-dimensional
0 D2 Two-dimensional
1 D3 Three-dimensional
2 D4 Jander equation

ower law
3 P1 n = 1/4
4 P2 n = 1/3
5 P3 n = 1/2
6 P4 n = 3/2

hemical reaction
7 F1 First order
8 F3/2 Three-halves order
9 F2 Second order
0 F3 Third order
ig. 6. Typical isoconversional plots for the determination of an activation
nergy of the dechlorination and oxidation of NdOCl (PO2 = 50 kPa).

artial pressures of oxygen. Determined activation energies for
ll the different conditions are plotted in Fig. 7. It was observed
rom Fig. 7 that the activation energy was not really changed and
early independent with respect to the level of a conversion. This
uggests that the dechlorination and oxidation of NdOCl follows
single step reaction. The activation energy were determined as
28.3 ± 6.1 kJ mol−1. It should be noted that these results were
btained without any knowledge of the reaction model f(α).
.3. Kinetic model determination

Following the evaluation of the activation energy, the conver-
ion model was determined by means of master-plots methods

f(α) g(α)

(1/2) (1 − α)[−ln(1 − α)]−1 [−ln(1 − α)]2

(3/2) (1 − α)[−ln(1 − α)]1/3 [−ln(1 − α)]2/3

2(1 − α)[−ln(1 − α)]1/2 [−ln(1 − α)]1/2

3(1 − α)[−ln(1 − α)]2/3 [−ln(1 − α)]1/3

4(1 − α)[−ln(1 − α)]3/4 [−ln(1 − α)]1/4

1 α

2(1 − α)1/2 1 − (1 − α)1/2

3(1 − α)2/3 1 − (1 − α)1/3

(1/2)α α2

1/[−ln(1 − α)] (1 − α)ln(1 − α) + α

3(1 − α)1/3/2[(1 − α)−1/3 − 1] [1 − (1 − α)1/3]2

(3/2)[(1 − α)−1/3 − 1] (1–2α/3) − (1 − α)2/3

4α3/4 α1/4

3α2/3 α1/3

2α1/2 α1/2

2/3α−1/2 α3/2

1 − α −ln(1 − α)
(1 − α)2/3 2[(1 − α)−1/2 − 1]
(1 − α)2 (1 − α)−1 − 1
(1 − α)3 (1/2)[(1 − α)−2 − 1]
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ig. 7. Determined activation energy of the dechlorination and oxidation of
dOCl under different oxygen partial pressures, as a function of conversion.

17]. By using the determined value of the activation energy E as
function of α for all the different conditions, the experimental
aster plots were constructed according to Eq. (4) as shown in
ig. 8. The theoretical master plots of the various kinetic func-

ions listed in Table 1 are also plotted as solid lines in Fig. 8.
he plots related to different heating rates under various oxy-
en partial pressures are practically identical. The comparison
f the experimental master plots with the theoretical ones indi-
ates that none of the existing theoretical master plots matched
he experimental ones perfectly. However, the R3 and P4 models
ppear to be appropriate models for describing the reaction of a
dOCl dechlorination and oxidation. Several methods for a sta-

istical justification of the selected models have been described
y Vyazovkin and Wight [18]. In this study, a similar method
as used to choose an acceptable model. An acceptable kinetic
odel for a NdOCl dechlorination and oxidation was selected

ased on the standard deviation (S.D.) between the theoretical
aster data and the experimental ones. The criterion for select-

ng an acceptable model can be taken as a sum of the S.D. as
hown in Eq. (12) [19].

S.D. =
√∑n

j

∑m
i

[
gk(αi)/gk(0.5) − pj(yi)/pj(y0.5)

]2
(n − 1)(m − 1)

(12)

here m and n are the numbers of points and heating rates,
espectively. The value of S.D. is the averaged square of the
eviation between p(y)/p(y0.5) calculated on the base of the
xperiment and gk(α)/gk(0.5), in which k denotes the serial num-
er of the model functions listed in Table 1. If a model describes
he experimental results accurately, it is possible to find a min-
mum for

∑
S.D. The values of

∑
S.D. for all different test

onditions are listed in Table 2, in which model 16 revealed
he minimum for

∑
S.D. This comparison of the experimental

aster plots with the theoretical ones indicates that the mecha-
isms for a conversion of NdOCl into Nd2O3 could probably be
escribed by a power low model P4 (g(α) = α3/2). Therefore, the
orresponding model equation for describing the conversion of

dOCl into Nd2O3 is given by:

(α) = α3/2 = k0 exp

(
− E

RT

)
(PO2 )nt (13) Ta
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F
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4
p

E

α

d
w

Fig. 9. Determination of Z values by plotting g(α) against (E/BR)p(y) for dif-
ferent O2 conditions.

Fig. 10. Determination of pre-exponential factor k0 and oxygen power depen-
dency n from the slopes of the plots ln Z against ln PO2 .

Table 3
Determined kinetic parameters of the conversion of NdOCl into Nd2O3

Reaction model g(α) = α3/2

Activation energy E (kJ mol−1) 228.3 ± 6.1
P
P

F
p
s
d
b
fi
t
D

5

ig. 8. Master plots of theoretical g(α)/g(α0.5) against α for various reaction
odels (solid lines, as enumerated in Table 1) and experimental values of

(y)/p(0.5) for different O2 conditions (symbols).

.4. Evaluation of the oxygen power dependency and
re-exponential factor

By introducing the deribed reaction model, g(α) = α3/2, into
q. (3), Eq. (14) is obtained.

3/2 = ZE

BR
p(y) (14)
The plots of g(α) against (E/BR)p(y) for all the different con-
itions are constructed in Fig. 9. By using Eq. (12), the Z values
ere determined from the slopes of the fitted lines shown in

N
e
o

re-exponential factor k0 (s−1 Pa−0.315) 3.55 × 105

ower dependence of oxygen n 0.315

ig. 9. From the averaged Z values for the corresponding oxygen
artial pressures, the plots of !!ln Z against ln PO2 were con-
tructed and the results are shown in Fig. 10. The oxygen power
ependency n and the pre-exponential factor k0 were determined
y using Eq. (11) and the slope and the intercept of the linearly
tted line in Fig. 10. The slope (n) and the intercept (ln k0) of

he fitted line were determined as 0.315 and 12.78, respectively.
etermined kinetic parameters of Eq. (13) are listed in Table 3.

. Conclusion
The kinetics of the thermal dechlorination and oxidation of
dOCl powder originating from a molten salt process could be

stablished by using non-isothermal TG analyses under various
xygen partial pressures. The conversion of NdOCl into Nd2O3
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