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Abstract The reaction between Gd2O3(s) and Cl2(g) was

studied in a high-resolution thermogravimetric system. The

reaction product was GdOCl, which was the unique solid

phase produced in all the temperature range studied. The

GdOCl is subsequently chlorinated producing GdCl3 for

temperatures above 1123 K. The system is under chemical

control for temperatures below 723 K. It was found that the

reaction order with respect to the chorine partial pressure is

0.77 and the activation energy is 132 kJ mol-1 for the

temperature range of 623–723 K. The global rate equation

was developed. The GdOCl obtained was characterized by

X-ray diffraction, scanning electron microscopy and mag-

netic measurements. The structure of GdOCl was refined

with the Rietveld method, and it crystallized in a tetragonal

form of REOX possessing the Matlockite-type (PbFCl)

structure. The magnetic measurements indicated that the

sample is paramagnetic at all the measurement ranges. The

parameters of the Curie–Weiss law obtained were as fol-

lows: h = -12.0 K, C = 7.9592 emu K mol-1 and

leff = 7.98lB.

Keywords Gadolinium � Oxychloride � Chlorination �
Kinetics � Chlorine � Rare earths

Introduction

Due to the electronic, magnetic, luminescent and catalytic

properties of oxides, halides and oxyhalides of lanthanides,

its consumption volume is increased in the last years [1–3].

Among rare earths (REs), gadolinium was found to play an

important role in manufacturing appliances, computer

hardware, metalworking, photoenergy production and

medical imaging [4, 5].

Mutual separation of RE elements would be one of the

most difficult problems in inorganic separation and ex-

traction. Feasible alternative that allows the selective ex-

traction of these metals from the respective ores and

concentrates, as well as the refining and recovering of them

from slags, is the application of chlorination and car-

bochlorination processes. Both processes are well-known

dry methods for producing metal chlorides. The advantages

of the chlorination technology are related to low-tem-

perature operation, flexibility to raw material composition

and selectivity of the process [1, 6–10].

TG methods, such as isothermal and non-isothermal

methods, have been used widely to establish the kinetics

for a conversion of many solids, including RE compounds

[11–15]. The aim of the present paper is the kinetics study

of the Gd2O3 chlorination in order to find the rate equation

and subsequent characterization of GdOCl obtained.

The RE oxycompounds doped with trivalent RE ions are

widely applied as commercial phosphors [16, 17]. The

structural, magnetic and spectroscopic investigations of the

product obtained of the Gd2O3 chlorination, gadolinium

oxychloride, will permit its characterization and the
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obtaining of structural crystallographic parameters, which

are important for their possible uses.

Thermodynamic evaluation

A preliminary thermodynamic analysis of the potential

reactions that could take place in the Gd2O3(s)–Cl2(g) sys-

tem was made. The considered gadolinium oxide chlori-

nation reactions were those which contemplate the

formation of gadolinium chloride and oxychloride. The

thermodynamic calculations were performed using the

HSC Chemistry 6.1 software for windows [18].

The possible reactions in the Gd2O3(s)–Cl2(g) system

are:

Gd2O3 sð Þ þ Cl2 gð Þ ! 2GdOCl sð Þ þ 1=2O2 gð Þ ð1Þ
2=3Gd2O3 sð Þ þ Cl2 gð Þ ! 3=2GdCl3 s; lð Þ þ O2 gð Þ ð2Þ
GdOCl sð Þ þ Cl2 gð Þ ! GdCl3 s; lð Þ þ 1=2O2 gð Þ ð3Þ

Figure 1 shows the Ellingham diagram for Eqs. 1–3.

They summarize the evolution of standard free energy

changes per mol of chlorine, DG0, as a function of tem-

perature. The curves show that the chlorination reactions

that produces GdOCl(s) and GdCl3(s,l) have negative DG0

values, indicating that they are thermodynamically favor-

able; however, the formation of GdOCl(s) has the highest

thermodynamic tendency to be produced in all temperature

range studied.

Figure 2 shows the phase stability diagrams of Gd–Cl–O

system at 723 and 1023 K. The axes of the diagrams are the

partial pressure logarithm of O2(g) and Cl2(g). At the begin-

ning of the chlorination reactions, the values of partial pres-

sure of Cl2(g) and O2(g) were 0.35 and 10-4 atm, respectively,

and these are indicated by an asterisk in the diagram (O2(g) is

present in Ar(g) as an impurity). The possible stable con-

densed phases are Gd2O3(s), GdOCl(s) and GdCl3(s,l). The

phase stability diagrams show that there is not a thermody-

namic equilibrium between Gd2O3(s) and GdCl3(s,l). There-

fore, GdOCl(s) has to be formed prior to the formation of

GdCl3(s,l) from the direct chlorination of Gd2O3(s).

Synthesis of gadolinium oxychloride and kinetics
of the Gd2O3 chlorination

The gadolinium oxychloride, GdOCl, was prepared by the

reaction of gadolinium oxide (99.9 % purity, SIGMA) in

argon–chlorine atmosphere with different Cl2(g) partial

pressures. The Gd2O3 chlorination reactions were followed

by a high-resolution thermogravimetric analyzer (TGA,

model 2000, Cahn Instruments Inc.). This experimental

setup has a sensitivity of ±5 lg under a gas flow rate be-

tween 2 and 8 L h-1 (measured under normal conditions of

temperature and pressure) in the range of room temperature

to 1223 K. Each sample was placed in a cylindrical silica

glass crucible (diameter = 0.72 cm, high = 0.42 cm),

which hangs from one of the arms of the electrobalance

through a silica glass wire.

Non-isothermal reaction: onset temperature

of chlorination reaction

Non-isothermal TG analyses were performed from room

temperature to 1223 K. The experimental conditions were as

follows: a linear heating rate of DT/Dt = 5.3 K min-1;

Cl2(g)–Ar(g) flow = 4 L h-1, m0 = 10 mg and PCl2 =

35 kPa. Figure 3 shows the percent relative mass change as a

function of temperature. The reaction starts at approximately

50

25

0

–25

–50

–75

–100

400 600 800 1000 1200

Temperature/K

G
°/

kJ
 m

ol
–1

 C
l 2

∇

GdOCl(s) + Cl
2
(g) = GdCl

3
(s,l) + 1/2O

2
(g)

Gd
2
O

3
(s) + Cl

2
(g) = 2GdOCl(s) + 1/2O

2
(g)

1/3Gd
2
O

3
(s) + Cl

2
(g) = 2/3GdCl

3
(s,l) + 1/2O

2
(g)

Fig. 1 Ellingham diagram for the reactions involved in the Gd2O3–

Cl2(g) system

20

0

–20

–40

–60

–80

–100
–60 –50 –40 –30 –20 –10 0 10

log pCl2 (g)

lo
g 

pO
2 (g

)

723  K

1023  K

GdOCl

Gd
2
O

3

GdCl
3

Gd

Fig. 2 Phase stability diagrams of Gd–Cl–O system at 723 and

1023 K

680 F. J. Pomiro et al.

123

Author's personal copy



600 K, showing a sharp mass increase until the relative mass

change reaches a maximum value of %Dm=m0Gd2O3
¼ 15:1.

This value coincided with the stoichiometry mass change

due to reaction 1.

The chlorination product was GdOCl, and it will be

characterized in the following sections.

Also, in the non-isothermal curve is observed a decrease

in the relative mass for temperatures above 1073 K. This

phenomenon will be explained in section concerning this

temperature range.

The reaction degree is given by DmGd2O3
=m0Gd2O3

, where

DmGd2O3
is the Gd2O3 mass change and m0Gd2O3

is the

Gd2O3 initial mass. From stoichiometry of reaction 1,

DmGd2O3
is equal to Dm/0.1510, where Dm is the observed

sample mass change. Therefore, the reaction degree is

obtained from:

a ¼ Dm
0:151 � m0Gd2O3

� �
ð4Þ

Determination of kinetics parameters

In order to determine the kinetic parameters, it is first

necessary to find the experimental conditions under which

the reaction rate is not influenced by mass transfer processes

(i.e., gaseous starvation, diffusion through the gaseous

boundary layer, diffusion through the sample pores) [19].

The effect of the reagent gas velocity on the reaction

rate was studied to determine the conditions where gaseous

starvation and mass transfer limitations could be avoided.

Figure 4 illustrates the effect of the flow rate on the chlo-

rination of Gd2O3 at 723 K, chlorine pressure of 35 kPa

and flow rates of 2, 4 and 8 L h-1, which is the maximum

flow rate that the experimental system can reach. Two

curves of 4 L h-1 are presented to show the reproducibility

of the system. It can be concluded that the supply rate of

chlorine is not influencing the kinetics at this temperature.

Table 1 shows the values of chlorine diffusion rate

through crucible top and experimental rate for PCl2 = 35 kPa,

Cl2(g)–Ar(g) flow = 4 L h-1, mo = 5 mg and several

temperatures. The rate values calculation was made using

the Ranz and Marshall correlation [20], with the same pro-

cedure as described in the work ‘‘Kinetic Study of Europium

Oxide Chlorination’’ [21]. The experimental rates at 723 K

and lower temperatures are two or more orders of magnitude

smaller than the calculated rates. These results are indicating

that, at 723 K and temperatures below, the convective mass

transfer through the boundary layer is not the rate-control-

ling step.

The effect of sample mass in the reaction rate was

analyzed at 723 K, and it is shown in Fig. 5. It can be seen

that the reaction rate measured as da/dt does not depend on

the sample mass at this temperature, and hence, an initial

mass of 5 mg was used in the kinetic analysis.

The kinetic parameters of Gd2O3 chlorination were de-

termined through isothermal TG between 623 and 723 K,

with chlorine pressure of 35 kPa and initial mass of 5 mg.

Figure 6 shows a-time curves. The activation energy (Ea)

can be calculated by applying a ‘‘model-free’’ method

[22, 23] from the slope of the plot ln time versus T-1, where

time is the time necessary to reach a given a value. The

graphical representation of these results is shown in Fig. 7

for a = 0.2, 0.4, 0.6 and 0.8. Average activation energy of

131 ± 2 kJ mol-1 was determined from linear regressions.

The experimental conversion versus time curves was

analyzed with a conversion function that describes a re-

action proceeding according to a nucleation and growth

model (JMA model) [24–27]. This model is represented by

the following equations:
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a ¼ 1 � exp � kðTÞ � t½ �nð Þ ð5Þ

kðTÞ ¼ k0 � exp � Ea

Rg � T

� �
ð6Þ

where k(T) is the global rate constant, k0 is the pre-expo-

nential factor, Ea is the effective activation energy, and n is

the JMA exponent. The parameters k0, Ea and n depend on

the nucleation and growth mechanisms.

The conversion curves at T B 723 K were fitted with

Eq. 5, and Table 2 shows the values of n, k and R (corre-

lation coefficient) obtained from a nonlinear least squares

fitting. Figure 8 shows the experimental curves (line

graphs) and the fitted curves (scatter graphs), showing the

good fit between them.

The nucleation models taken into account in the JMA de-

scription are continuous nucleation and site saturation.

Kempen et al. [28] demonstrated numerically that interme-

diate values of the JMA exponents are possible for the com-

bination of the different nucleation models and volume
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Table 2 Values of parameters n and k(T) obtained from the fits of

conversion curves with the Johnson–Mehl–Avrami (JMA) model

T/K 104 k(T)/seg-1 N Correlation coefficient R

623 0.827 1.73 0.9992

648 2.47 1.58 0.9997

673 6.13 1.49 0.9998

698 14 1.52 0.9997

723 27.7 1.61 0.9996

Table 1 Comparison between calculated rate of diffusion through crucible top and experimental rate of reaction

Temperature/K 106 �N calculated/mol Cl2 s-1

NC

109�N experimental/mol Cl2 s-1

NE

NC/NE

623 4.3 0.92 4675.9

673 4.6 5.7 804.5

698 4.7 15 318.6

723 4.8 28 171.4

773 5.1 89 57.3
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diffusion growth. The average value of n obtained was 1.59 ±

0.09. This value for the JMA exponent could be consistent

with a three-dimensional growth and site saturation.

The activation energy in the temperature range of

623–723 K was calculated from the values of the global

rate constant k(T) through Eq. 6. Figure 9 shows the plot of

ln k versus T-1, from which a value for the activation

energy of 132 ± 3 kJ mol-1 was obtained. This value is

similar to the activation energy calculated by the ‘‘model-

free’’ method (131 kJ mol-1).

The general equation of heterogeneous solid–gas reac-

tion rate is (assuming separable variables):

da
dt

¼ KðTÞ � FðPCl2Þ � GðaÞ ð7Þ

The influence of PCl2 was analyzed through ex-

periments with different partial pressures of Cl2 between 10

and 70 kPa at 723 K. Figure 10 shows these conversion

versus time curves. To determine the reaction order with

respect to PCl2, Eq. 7 is integrated over time, F(PCl2) is

assumed to have a form of B�PCl2
x (where B is a constant, x

is the reaction order with respect to PCl2, and temperature

is constant), and natural logarithms are applied. The re-

sulting expression is:

�lntðaÞ ¼ HðaÞ þ x � lnPCl2 ð8Þ

where t(a) is the time at which a conversion degree a is

obtained at a temperature T and H(a) is a function that

depends on a (since T is kept constant). From the slope of

the straight lines of the -ln t(a) versus ln PCl2 plot for

different conversion degrees, the reaction order x is ob-

tained. The results are shown in Fig. 11. At 723 K, it was

found that the reaction order with respect to partial pres-

sures of Cl2 is 0.77.
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Global rate equation

The effects of parameters studied in Gd2O3(s) chlorination

with the formation of GdOCl(s) could be expressed by a

global rate expression according to Eq. 7 as follows:

Rate s�1
� �

¼ da
dt

¼ 6:6 � 105 s kPa0:77
� ��1�e�ð132 kJ mol�1Þ=RT�

PCl2 kPa½ �ð Þ0:77�1:59 � ð1 � aÞ � � lnð1 � aÞ½ �0:37

ð9Þ

Isothermal reactions at temperature above 1123 K

Figure 12 shows the chlorination experiments at tem-

peratures above 1123 K. It can be seen that after the for-

mation of GdOCl, the reaction progresses with mass loss

and the XRD analyses of the solid residues showed that

GdOCl was the only phase present. The flow of Cl2(g) was

cut at 10,800 s in the chlorination performed at 1223 K. It

was observed that the mass remains constant after this. By

other side, the solid GdOCl was treated at 1223 K in argon

atmosphere during 8 h and either mass or chemistry

changes were not observed. Taking into consideration the

preceding observations [21, 29, 30], the thermodynamic

evaluation and the results obtained in the present investi-

gation, the mass loss was caused by the chlorination of

GdOCl(s) through reaction 3. The gadolinium trichloride

formed at 1223 K is liquid, and its vapor pressures are

5.6 9 10-4 atm at 1223 K, sufficient vapor pressure to

observe mass loss in the experimental system used. The

reaction is carried out under a continuous flow which re-

moves the vapor in equilibrium with the liquid.

Characterization of gadolinium oxychloride

X-ray powder diffraction: Rietveld refinement

Powder XRD patterns were recorded using a Bruker D8-

Advance X-ray powder diffractometer (Cu Ka radiation),

with Bragg–Brentano geometry. In this case, the structure

was refined by Rietveld refinement of the powder XRD

data using the DIFFRACplus TOPAS 4.2 program [31]. For

refinement, XRD data were collected in the 2h ranges

10–120� with a step size of 0.02� using a 3 s/step scan

speed.

X-ray powder diffraction data (Fig. 13) indicated that

the product of the Gd2O3 chlorination at 1023 K is com-

posed by a single phase of GdOCl, which crystallized in the

tetragonal system possessing the Matlockite-type (PbFCl)

structure (space group: P4/nmm). The detailed results of

the Rietveld refinements are given in Table 3. The
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Fig. 13 Rietveld refinement of gadolinium oxychloride. Observed (top) and difference (bottom) profiles are shown

Table 3 Rietveld refinement results for the X-ray powder pattern of

the gadolinium oxychloride

Atom X Y Z Occupancy

Gd 0.0 0.5 0.17175 1

O 0.0 0.0 0.0 1

Cl 0.0 0.5 0.62734 1

Space group P4/nmm, a = 3.9501376 Å, c = 6.6664518 Å,

V = 104.02056 Å3

Rexp: 1.14, Rwp: 1.97, Rp: 1.37, R-Bragg = 2.289, GOF: 1.73
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goodness of fit of the GdOCl Rietveld final refinement is

represented by GOF = Rwp/Rexp, and it has shown

GOF = 1.73 as the best fit result.

Morphological analysis

Figure 14 shows the SEM images of the product at 723 K

(a and b) and at 1223 K (c and d). The images show that

the grain size of the GdOCl is different depending on the

reaction temperature. At 1223 K, the grains are smaller

than those obtained at 723 K.

Magnetic properties

The magnetic susceptibility measurements of GdOCl were

taken with a Quantum Design SQUID magnetometer

model MPMS2 between 2 and 300 K with an external

magnetic field of 500 Oe. The experimental data were fit-

ted with a function described by Curie–Weiss law: v = C/

(T-h), where v is the magnetic susceptibility, C is the

Curie constant, T is the absolute temperature, and h is the

Curie temperature measured in Kelvin.

Figure 15 shows the relation of molar magnetic sus-

ceptibility with the temperature, and the scatter graphs with

open circles represent experimental points. Figure 16

shows the fit of the v-1 versus T curve with Curie–Weiss

law, and the parameters obtained were as follows:

h = -12.0 ± 0.1 K (which is similar to Gd2O3),

C = 7.9592 ± 10-4 emu K mol-1, estimated effective

magnetic leff = 7.98lB, which agrees with the theoretical

and experimental values obtained for Gd?3 [32].

Figure 17 shows the electron spin resonance (ESR) data

between 120 and 290 K measured every 10 K. ESR spectra

were taken with a Bruker ESP300 spectrometer operating

in X-band (9.5 GHz). The double integral of the ESR line

is proportional to the constant-field (DC) susceptibility

(vESR). The integrals were normalized with a standard

sample (Gd2BaCuO5 pattern), and the constant of propor-

tionality was obtained. In Fig. 15 is observed the vESR with

black squares, and the data obtained overlap with the data

of the magnetization (vDC).

Fig. 14 SEM images of GdOCl

produced at a, b 723 K and c,

d 1223 K
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Conclusions

The kinetics and mechanism of the Gd2O3 chlorination

with the formation of GdOCl have been established by TG

analyses between 623 and 723 K and chlorine partial

pressures ranging from 10 to 70 kPa.

The onset temperature of chlorination reaction was de-

termined by non-isothermal TG at 600 K. Kinetic analysis

showed that the reaction is under chemical control at 723 K.

The formation of GdOCl proceeds through a nucleation and

growth mechanism, and the conversion curves were ana-

lyzed with the Johnson–Mehl–Avrami description. The JMA

parameters obtained were as follows: Ea = 132 kJ mol-1

and n = 1.59; the global rate equation can be obtained.

TGs isothermal at temperatures above 1123 K showed

that GdOCl is further chlorinated to gadolinium trichloride.

The Rietveld refinements indicated that the GdOCl

product crystallized in a tetragonal form of ROX possess-

ing the Matlockite-type (PbFCl) structure, being P4/nmm

the space group. The magnetic measurements indicated

that the sample is paramagnetic at all the measurement

ranges. The parameters obtained of Curie–Weiss law were

as follows: h = -12.0 K, C = 7.9592 emu K mol-1 and

estimated effective magnetic leff = 7.98lB.
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