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Abstract

This study investigated the kinetics of a thermal dechlorination and oxidation of neodymium oxychloride (NdOCI) by using a non-isothermal
thermogravimetric (TG) analysis under various oxygen partial pressures. The results of the isoconversional analysis of the TG data suggests that the
dechlorination and oxidation of NdOCI follows a single step reaction and the observed activation energy was determined as 228.3 + 6.1 kJmol~1. A
kinetic rate equation was derived for a conversion of the NdOCI into Nd, O3 with a power law model, f(er) = 2/3a~2. The oxygen power dependency
and the pre-exponential factor were determined as 0.315 and 3.55 x 10° s~ Pa=%3!5 respectively.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Neodymium oxide, also called neodymia, has been widely
used in photonic applications [1]. Glass containing neodymium
oxide is used in astronomical work to produce sharp bands by
which spectral lines may be calibrated. Neodymium oxides are
also used as a laser material in place of ruby to produce a coherent
light and as components of advanced materials such as high tem-
perature ceramics and superconductors and of catalytic systems
[2-4].

Neodymium oxides have usually been prepared by a well
known chemical synthesis process with alkoxides as precur-
sors. There are, however, some difficulties in the synthesis of
rare earth alkoxides [1]. An electrochemical separation and an
electrochemical synthesis in molten chloride salts are promis-
ing technologies for obtaining pure metals and oxides of rare
earth (RE) [5-8]. By-products of these electrochemical pro-
cesses include RE oxychlorides (REOCI) such as neodymium
oxychloride (NdOCI). Pure Nd oxides are additionally obtained
by a thermal treatment of the Nd oxychlorides to emit gaseous
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chlorines in the presence of oxygen as:
2NdOCI + (1/2)02(g9) = Nd,03 + Cla(g)

Detailed kinetics of the above dechlorination and oxidation
reaction of NdOCI have not been reported in the existing litera-
tures as yet.

TG methods, such as isothermal and non-isothermal methods
have been used widely to establish the kinetics for a conver-
sion of many solids [9-12]. A non-isothermal TG study has
an advantage in that a wide range of temperatures are covered
with a single experiment. This study investigated the kinetics
of a thermal dechlorination and oxidation of NdOCI by using
a non-isothermal thermogravimetric (TG) analysis under vari-
ous oxygen partial pressures. The objectives of this study were
to establish a detailed kinetic model and the kinetic parameters
of the dechlorination and oxidation reaction of NdOCI under
high-temperature oxidizing atmospheres.

2. Theoretical

The influence of the temperature and that of an oxygen partial
pressure on the dechlorination and oxidation reaction for NdOCI
can be described with an Arrhenius equation and a power law
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approach, respectively. The reaction rate is thus described as:

%il = ko(Po,)" exp (—é) f(@) 1)
where « is the extent of a conversion, kg the reaction rate con-
stant (s~1 Pa~"), Po, the oxygen partial pressure (Pa) and n is the
power dependency of the oxygen partial pressure. The function
fla) represents the influence of a conversion on the conversion
rate. In the case of a non-isothermal reaction, the applied heat-
ing rates are constant and the temperature can be expressed as
T=Bt=Ty in which the constant heating rate, B, is given as
d7/dr = B. Using this transformation of Eq. (1) and a separation
of the variables results in:

do ko n E
which can be rewritten as
ZE
g(a) = ﬁp(y) 3)

in which g(«) is the result of an integral on the left hand side of
Eq. (2), Z = ko(Po,)", and p(y) is a function of the temperature
integral on the right hand side of Eq. (2):

Ye e_y e_y Ye e_y
p0) = / € ay=S+ / €y 4)
v Y y »

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

508 = 27 plros) ©

R
where yo 5 = E/RT g 5). Dividing Eq. (3) by Eq. (5), the following
equation is given.

@) _ r0O)
8(0.5)  p(yos)

Theoretical master plots are given by plotting g(«)/g(.5) for
various g(«) functions. In order to obtain experimental master

(6)
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Fig. 1. A schematic experimental apparatus for synthesizing the NdOCI.

plots of p(y)/p(yo.5) against a conversion « from the experimen-
tal data, the temperature as a function of o and E should be
established in advance. Eq. (4) is not analytically solvable and
many approximations have been proposed and they are still being
discussed [13-16]. An accurate approximate formula for p(y)
proposed by Wanjun et al. [16] is applied in the present study.

—In[p(y)] = 0.377739 + 1.894661 In y + 1.001450y @

By introducing Eq. (7) into Eg. (3), Eg. (8) is obtained.
B ZE
In (T1894661> =In (Rg(a)> + 3.635041 — 1.894661In E

—1.001450 (E) (8)
RT
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Fig. 2. SEM photograph of synthesized NdOCI (a) and its post-TG product, Nd,O3 (b).
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Fig. 3. Powdered XRD patterns of synthesized NdOCI (a) and its post-TG
product, Nd2O3 (b).

Assuming that neither the reaction model, g(«), nor the acti-
vation energy, E, change for all the conversion levels under a
constant oxygen partial pressure, a plot of In(B/71-894661) against
the reciprocal of the absolute temperature (1/7) at any given
value of « should lead to the same slopes according to Eq. (8),
which provide the activation energy of the reaction:

_R (d In(B/ T1.894661)> o)

E =
1.001450 d(L/T)

Once the activation energies have been determined, an appro-
priate kinetic model can be found by a comparison of the
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Fig. 4. Typical mass loss patterns of NdOCI at various heating rates under a
fixed oxygen partial pressure (Po, = 50 kPa).

experimental master plots with the theoretical master plots for
various reaction models. Based on the determined activation
energy E and conversion model g(«), the Z values, which are
different for each oxygen partial pressure, are determined by the
logarithms of Eq. (3).

InlpO)] = () - In (27 ) + n(e(e) (10

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

INZ =Inkg +ninPo, (1)

3. Experimental methods

3.1. Synthesis and analysis of NdOCI and its thermal
oxidation products

Powdered NdOCI was synthesized in LiCI-KCI eutectic
molten salt. The experimental apparatus for synthesizing the
NdOCI is shown in Fig. 1. Anhydrous NdCl3 with a purity of
99.99% was premixed with a LiCI-KCI solid salt with a purity
0f 99.9% (LiCl: 44.2 wt.%, eutectic point: 633 K) in an alumina
crucible. The crucible containing the mixture was heated up to
723 K in a stainless-steel column and oxygen was sparged into it
from the bottom. After a 7-h oxygen sparging, the mixture of the
precipitate was sampled and dissolved in distilled water. A pure
sample powder of NdOCI, was then obtained by a vacuum filtra-
tion. SEM photographs of the obtained NdOCI powder and its
thermal oxidation product, Nd2,O3 powder, are shown in Fig. 2.
Speciation of the obtained samples before and after a thermal
oxidation was performed by a powdered XRD pattern analysis
and the results are shown in Fig. 3.

3.2. TG analysis

Non-isothermal TG analyses by using TG/DTA (SDT-6120,
TA instruments Inc.) were performed from room temperature
to 1673 K. The temperature of the furnace was programmed
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Fig. 5. Typical mass loss patterns of NdOClI at a fixed heating rate (5°C min~—1)
under various O partial pressures.
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to rise from room temperature to 1073 K with a heating rate of
50 K min~—1. Afteran initial rapid heating, the furnace was slowly
heated from 1073 K to 1673 K with heating rates of 5, 10, 15 and
20 K min—1. At each heating rate condition, four oxygen partial
pressures were tested: 21, 50, 75 and 100 kPa of oxygen and the
remainder consisted of pure nitrogen (>99.9%).

4. Results and discussion
4.1. Mass change patterns of the NdOCI

The mass loss as a function of the temperature of the NdOCI
powders at different heating rates under a fixed O, condition
and those at a fixed heating rate under different O, conditions
are plotted in Figs. 4 and 5, respectively. Increasing the heating
rate or decreasing the gaseous oxygen concentration resulted in
a decrease in the conversion rate. This indicates that the conver-
sion of NdOCI into Nd2 O3 is an oxygen-dependent endothermic
reaction.

4.2. Activation energy estimation

Obtained thermo-gravimetric data was analyzed to determine
the activation energy for different levels of a conversion by
using Eq. (9). A typical plot, constructed to evaluate the slopes
d In(B/T-8%4661)/d(1/T), is shown in Fig. 6. If the conversion
mechanisms are the same at all the conversion levels, the lines
would all have the same slopes, which is the case here. This pro-
cess was repeated for different sets of experiments at different

Table 1
Kinetic model equations examined in this study
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Fig. 6. Typical isoconversional plots for the determination of an activation
energy of the dechlorination and oxidation of NdOCI (Po, = 50 kPa).

partial pressures of oxygen. Determined activation energies for
all the different conditions are plotted in Fig. 7. It was observed
from Fig. 7 that the activation energy was not really changed and
nearly independent with respect to the level of a conversion. This
suggests that the dechlorination and oxidation of NdOCI follows
asingle step reaction. The activation energy were determined as
228.3 £ 6.1 kImol~L. It should be noted that these results were
obtained without any knowledge of the reaction model f(«).

4.3. Kinetic model determination

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

fe) 8(e)

No. Symbol Reaction model
Avarmi-Erofeev
1 Al/2 n=0.5
2 A3/2 n=15
3 A2 n=2
4 A3 n=3
5 A4 n=4
Phase boundary controlled reaction
6 R1 Contracting linear
7 R2 Contracting area
8 R3 Contracting volume
Diffusion
9 D1 One-dimensional
10 D2 Two-dimensional
11 D3 Three-dimensional
12 D4 Jander equation
Power law
13 P1 n=1/4
14 P2 n=1/3
15 P3 n=1/2
16 P4 n=3/2
Chemical reaction
17 F1 First order
18 F3/2 Three-halves order
19 F2 Second order
20 F3 Third order
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Fig. 7. Determined activation energy of the dechlorination and oxidation of
NdOCI under different oxygen partial pressures, as a function of conversion.

[17]. By using the determined value of the activation energy E as
a function of « for all the different conditions, the experimental
master plots were constructed according to Eg. (4) as shown in
Fig. 8. The theoretical master plots of the various kinetic func-
tions listed in Table 1 are also plotted as solid lines in Fig. 8.
The plots related to different heating rates under various oxy-
gen partial pressures are practically identical. The comparison
of the experimental master plots with the theoretical ones indi-
cates that none of the existing theoretical master plots matched
the experimental ones perfectly. However, the R3 and P4 models
appear to be appropriate models for describing the reaction of a
NdOCI dechlorination and oxidation. Several methods for a sta-
tistical justification of the selected models have been described
by Vyazovkin and Wight [18]. In this study, a similar method
was used to choose an acceptable model. An acceptable kinetic
model for a NdOCI dechlorination and oxidation was selected
based on the standard deviation (S.D.) between the theoretical
master data and the experimental ones. The criterion for select-
ing an acceptable model can be taken as a sum of the S.D. as
shown in Eq. (12) [19].

SIS [gk(e)/81(0.5) — p(v)/ pi(v0s))’
2.8D.= ¢ / (1 — D(m — 1)

(12)

where m and n are the numbers of points and heating rates,
respectively. The value of S.D. is the averaged square of the
deviation between p(y)/p(yos) calculated on the base of the
experiment and g («)/gx(0.5), in which k denotes the serial num-
ber of the model functions listed in Table 1. If a model describes
the experimental results accurately, it is possible to find a min-
imum for > S.D. The values of > S.D. for all different test
conditions are listed in Table 2, in which model 16 revealed
the minimum for > _S.D. This comparison of the experimental
master plots with the theoretical ones indicates that the mecha-
nisms for a conversion of NdOCI into Nd,O3 could probably be
described by a power low model P4 (g(c) = «®2). Therefore, the
corresponding model equation for describing the conversion of
NdOCI into Nd2 O3 is given by:

g(e) = % = kg exp <_RET) (Po,)"t (13)

Table 2

Sum of the standard deviation (£S.D.) between the theoretical master data and the experimental ones

Model?

Heating rate (K min—1)

O, partial pressure (kPa)

20

19

18

17

16

15

14

13

12

11

10

10.342
10.279
10.294
10.402

2.239
2.184
2.189
2.299

0.930
0.875

0.257
0.213

0.068

0.576

0.692 0.653

0.948
0.883

0.619
0.685
0.669
0.573

0.708

0.641

0.285
0.217

3.057 0227 0.391 0542 0.613 0.342 0.140 0.072
2.997 0.413 0.212

3.005
3.116

21

0.139
0.121
0.022

0.645

0.760 0.721

0.133
0.107
0.087

0.461 0.610 0.681

0.297

10
15
20

0.880
0.990

0.211

0.629
0.526

0.744  0.705

0.895

0.654
0.764

0.231

0.664 0.395 0.191
0.289

0.567

0.443 0.593

0.276

0.316

0.645 0.604

1.005

0.340

0.102

0.346  0.496

0.191

10.365
10.317
10.320
10.427

2.263
2.210

0.954

0.280
0.234
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0.341

0.046

0.111
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0.616

0.734 0591 0974 0.664 0.625
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0.313

0.314 0.113 0.059
0.383

0.366
0.260
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0.514

0.200 0.364

3.082

50

0.900
0.906
1.016

0.692

0.911

0.656
0.640
0.545

0.669

0.246

0.184 0.110
0.162
0.079

0.581
0.564

0.432
0.467

3.024 0.269
3.033

10
15
20

2.215

0.092
0.027

0.599
0.497

0.715 0.675
0.616 0.575

0.261 0.683 0.923
1.034

0.083

0.413

0.248

2.325

0.369 0.793

0.095

0.318

3.144 0.167

10.373
10.330
10.335
10.444

2.272

0.964

0.289
0.246
0.249
0.359

0.037
0.097
0.075

0.538
0.601
0.582

0.655 0.615
0.716

0.985

0.582
0.642
0.624
0.527

0.745
0.685
0.700
0.812

0.323

0.059

0.304 0.103
0.368

0.576
0.637

0.619

0.505
0.566
0.548
0.449

3.092 0.191 0.354
3.039

3.050
3.162

75

2.224
2.232
2.343

0.914

0.677

0.926
0.941
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0.069

0.255 0.417
0.232
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0.922

0.698 0.658
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0.043

0.478
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0.107

0.240
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0.300

0.153

10.382
23.041

2.281
1.040
2.232
2.343

0.297 0972

0.081

0.033
0.085
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0.646 0.606 0.530
0.495 0.432

0.534

0.993
0.453

0.567 0.296 0.096 0.060 0331 0.753 0.573
0.351

0.482
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0.496

3.100 0.184 0.345
0.225 0.330
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100
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0.071 0278 0.700 0.624 0941 0.698 0.658 0.582
0.812 0527 0.478
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0.548
0.449

0.397

0.557 0.043 1.034

0.598

1.053
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0.107

0.240
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3.162

15.084 34.890 178.431

1114 4.217

10.707 10.073 8.857

14.918

1435 4.668 11.204 9.563

6.007 8.361 9.477 5161 2.133

49.153 3.500

Total £S.D.

@ Enumeration of the models is given in Table 1.
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Fig. 8. Master plots of theoretical g(a)/g(cos) against « for various reaction
models (solid lines, as enumerated in Table 1) and experimental values of
p(/p(0.5) for different O, conditions (symbols).

4.4. Evaluation of the oxygen power dependency and
pre-exponential factor

By introducing the deribed reaction model, g(e) =®2, into
Eq. (3), EQ. (14) is obtained.

o’ = ﬁp(y) (14)

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

0.6
Po, = 21kPa
0.5 | o 5 °C/min
© 10 °C/min
2 15 °C/min 0, = 50kPa
0.4 o 20°Cimin = 5°C/min
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Fig. 9. Determination of Z values by plotting g(«) against (E/BR)p(y) for dif-
ferent O conditions.

LnZ

10 12
Ln PO2

Fig. 10. Determination of pre-exponential factor ky and oxygen power depen-
dency n from the slopes of the plots In Z against In Po, .

Table 3

Determined kinetic parameters of the conversion of NdOCI into Nd203
Reaction model g() =a¥?
Activation energy E (kJmol~—1) 228.3+6.1
Pre-exponential factor kg (s~1 Pa—0315) 3.55 x 10°
Power dependence of oxygen n 0.315

Fig. 9. From the averaged Z values for the corresponding oxygen
partial pressures, the plots of !!InZ against In Po, were con-
structed and the results are shown in Fig. 10. The oxygen power
dependency n and the pre-exponential factor kp were determined
by using Eq. (11) and the slope and the intercept of the linearly
fitted line in Fig. 10. The slope (n) and the intercept (Inkg) of
the fitted line were determined as 0.315 and 12.78, respectively.
Determined kinetic parameters of Eq. (13) are listed in Table 3.

5. Conclusion

The kinetics of the thermal dechlorination and oxidation of
NdOCI powder originating from a molten salt process could be
established by using non-isothermal TG analyses under various
oxygen partial pressures. The conversion of NdOCI into Nd>O3
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at high temperatures appeared to be an oxygen-dependent
endothermic and one-step reaction. The observed activation
energy of the reaction was determined as 228.3 + 6.1 kJmol 1,
A Kinetic rate equation was derived for the conversion of NdOCI
powder with a power law model (g(«) = «®2). The oxygen power
dependency and the pre-exponential factor were determined as
0.315 and 3.55 x 105 s~ Pa=0-315  respectively.
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