
lable at ScienceDirect

Journal of Rare Earths 37 (2019) 1009e1014
Contents lists avai
Journal of Rare Earths

journal homepage: ht tp: / /www.journals.e lsevier .com/journal -of -rare-earths
Preparation of La2O3 by ion-exchange membrane electrolysis of LaCl3
aqueous solution*

Deliang Meng, Qiuyue Zhao, Xijuan Pan, Ting'an Zhang*

Key Laboratory of Ecological Metallurgy of Multi-Metal Intergrown Ores of Ministry of Education, School of Metallurgy, Northeastern University, Shenyang
110819, China
a r t i c l e i n f o

Article history:
Received 1 October 2018
Received in revised form
23 November 2018
Accepted 26 November 2018
Available online 8 April 2019

Keywords:
Lanthanum chloride
Membrane electrolysis
Lanthanum hydroxide
Lanthanum oxide
Current efficiency
Rare earths
* Foundation item: Project supposed by National
(2017YFC0210403-04; 2017YFC0210404), Liaoning
Project (2015020591), the Young Creative Talents Pro
Guangdong Province (2015KQNCX157) and Hi-Tech
Program (863) of China (2010AA03A405).
* Corresponding author.

E-mail address: zta2000@163.net (T.A. Zhang).

https://doi.org/10.1016/j.jre.2018.11.017
1002-0721/© 2019 Chinese Society of Rare Earths. Pu
a b s t r a c t

The ion-exchange membrane electrolysis technology was applied inventively in the preparation of
lanthanum hydroxide, after calcination, lanthanum oxide was obtained eventually. The effect of the
concentration of lanthanum chloride solution on electrolytic product was mainly investigated. The phase
composition, micro morphology, particle size and chlorine content of the product were characterized,
respectively. Under the conditions of this work, the product that forms by electrolysis of LaCl3 aqueous
solution directly is La(OH)3. When the initial concentration of LaCl3 changes from 0.1 to 0.5 mol/L, the
current efficiency of La(OH)3 increases from 60% to 85%, the product roasted at 800 �C for 1.5 h is La2O3,
whose median particle size (D50) is 10e20 mm, the mass fraction of chloride ion is less than 0.02 wt%.
Additionally, the prepared La2O3 particles are porous and non-spherical particles, which are composed of
small crystals with sheet structure.

© 2019 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

Lanthanum oxide has excellent photoelectromagnetic proper-
ties, for this reason, lanthanum oxide is widely used to make
new functional materials, such as catalysts, wear-resisting metal
material, temperature sensor.1e6 Lanthanum hydroxide is the
intermediate product of preparing lanthanum oxide. At present, the
preparationmethods of lanthanum hydroxide include precipitation
method,7e9 hydro-thermal method,10e14 chemical reaction
method,15 hydrolysis method,16 composite-hydroxide-mediated
(CHM) methods,17 etc. Although each of these methods has many
advantages, there is always room for improvement. The hydro-
thermal method needs special reaction conditions and has high
requirements for equipment, the reaction conditions of CHM
methods are complex, etc. These deficiencies limit the extensive
industrial application of these methods. Among them, owing to the
Key R&D Program of China
Excellent Talent Cultivation
ject of Ordinary University in
Research and Development

blished by Elsevier B.V. All rights r
advantages of low cost, simple process and easy scale-up, the
method of precipitation is widely used in industrial production,
however, because the precipitation agents, such as oxalic acid and
ammonium bicarbonate, are used in the process of precipitation,
the amount of waste water containing ammonia nitrogen is large,
which is very harmful to the environment.

Based on the technology of ion membrane electrolysis used in
chlor-alkali industry and sewage treatment extensively,18e20 the
idea proposed in this paper is that lanthanum oxide is prepared by
electrolysis of lanthanum chloride aqueous solution, the simplified
flowchart is shown in Fig. 1. Compared with the method of pre-
cipitation, this method does not need any additives, which reduces
the chance of introducing other elements to the product. Mean-
while, the produced gases (Cl2 and H2) are of high purity, which can
be collected respectively, and used as value-added products or for
further synthesis of hydrochloric acid (HCl). The hydrochloric acid
and the used electrolyte can be returned to the total production
process of rare earth to achieve the purpose of recycling. Therefore,
there is no waste discharge during the whole electrolysis process.

Based on the idea proposed above, this paper focuses on the
effect of the concentration of lanthanum chloride solution on
electrolytic product, and the phase composition andmicrostructure
of the electrolytic product, as well as the micro morphology and
particle size of the calcined product were analyzed. Besides, the
eserved.
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Fig. 1. Process flow chart of lanthanum oxide production.

Fig. 2. Diagram of cationic membrane electrolysis.
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current efficiency and energy consumption of the product were
investigated.

2. Experimental

2.1. Reagents and main apparatus

LaCl3$nH2O (analytic grade) was used to prepare the product.
Water used in this workwas de-ionized (homemade). Both cathode
and anode were made of titanium sheets (2 cm � 3 cm) coated
with RuO2. The self-made ionic membrane electrolytic cell
(16 cm � 6 cm � 5 cm) and cation-exchange membrane (CJMC-3)
bought from Hefei Chem-Joy Polymer Materials Co., Ltd. were used
in this work, and all the details of the ion-exchange membrane are
shown in Table 1. Besides, various techniqueswere employed in this
research, such as X-ray diffraction analysis (XRD, D8 Advance,
Germany), scanning electronmicroscope (SEM, SU-8010, Germany),
laser particle size analyzer (MS2000, Britain), inductively coupled
plasma (ICP, Prodigy XP, USA), so that the phase composition, micro
morphology, particle size of the product and the initial concentra-
tion of LaCl3 in the electrolyte were analyzed, respectively.

2.2. Principle

Fig. 2 shows that the self-made electrolytic cell is divided by the
cation-exchange membrane into two parts: anode chamber and
cathode chamber, which are filled with electrolyte of LaCl3. When
the direct current is switched on, in the anode chamber, La3þ can
get through the cation-exchange membrane easily, while Cl�

cannot get through smoothly, and Cl� is oxidized to Cl2 on the
anode surface. In the cathode chamber, H2O is electrolyzed into H2
and OH� on the cathode surface, and OH� combines with La3þ to
form La(OH)3.

The reactions during the electrolysis are shown as follows:

Anode: 2Cl� � 2e�/Cl2[ (1)

Cathode: 2H2O þ 2e�/H2[ þ 2OH� (2)

La3þ þ 3OH�/LaðOHÞ3Y (3)
Table 1
Performance parameters of the cation-exchange membrane (CJMC-3).

Performance parameters Parameter values

Moisture content (%) 35e45
Thickness (mm) 0.17 ± 0.01
Exchange capacity (mmol/g) 0.8e1.0
Overall: 2LaCl3 þ 6H2O/2LaðOHÞ3Y þ 3Cl2[ þ 3H2[ (4)

2.3. Procedures

Firstly, the LaCl3 aqueous solutions with concentrations of 0.1,
0.2, 0.3, 0.4 and 0.5 mol/L were added into both anode chamber
and cathode chamber of the electrolytic cell, respectively, the
initial pH of these solutions was about 5.0, and it was necessary
to make sure that the liquid levels of both sides were of the same
height.

Secondly, the electrolytic cell filled with electrolyte was moved
into electro-thermostatic water cabinet to control the temperature,
then the direct current was switched on, and the current was
regulated to a constant of 1.2 A throughout the process of elec-
trolysis. Meanwhile, the value of cell voltage was measured. In this
study, due to the small experiment scale and little gas generation,
considering the safety of the experimenters, the gases were not
collected, but treated directly with a fume hood.

Finally, after 25 min of electrolysis at 25 �C, 4 cm of electrode
distance, 200 mA/cm2 of current density, the white precipitate was
filtered and washed more than twice with de-ionized water, then
was dried at 70 �C overnight, the phase composition and micro
morphology of the dried product were analyzed. Subsequently, the
dried powders were calcined at 800 �C in air for 1.5 h, after cooling,
the phase information, the micro morphology and the particle size
of the final product (La2O3) were analyzed. Besides, current effi-
ciency and energy consumption of La(OH)3 were monitored as an
evaluation of different initial concentrations of LaCl3.

2.4. Related calculations

The electrolytic current efficiency (h) is the ratio of the elec-
trodeposited mass to the theoretical mass. The theoretical mass of
product can be obtained by Faraday's law. Therefore, h is repre-
sented as:

h ¼ mA
mB

� 100% ¼ mA
I$Dt$M=ðn$FÞ � 100% (5)
Performance parameters Parameter values

Transference number 0.93
Bursting strength (MPa) >0.35
Membrane area resistance (U$cm2) 2.5e3.5
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In Eq. (5) above, h is cathode current efficiency (%), mA and mB
are the actual mass and theoretical mass of the product, respec-
tively (g), I stands for the value of current (A), Dt is the electrolysis
time (s), M means the mole mass of the product (g/mol), n is equal
to the number of electrons passed in the elementary electrode re-
action, and F stands for Faraday's constant (about 96485 �C/mol).

The energy consumption (W) is defined as:

W ¼ k$V
h

(6)

Where, W stands for energy consumption (kW$h/kg), h is
identical with h in Eq. (5), and V represents the value of cell voltage
(V). Besides, k stands for the theoretical power consumption, which
is used to describe the theoretical energy consumption and is
required to produce per unit mass of product, the value of k is about
0.423 (kA$h/kg) in this work.
3. Results and discussion

3.1. Effect of initial concentration of LaCl3 on phase compositions

XRD patterns of the products by electrolytic method are shown
in Fig. 3. On the one hand, it is easy to see from Fig. 3 that the five
diffraction lines below exhibit similar crystalline phases, which are
identified as La(OH)3 (corresponding to JCPDS 36-1481). Addi-
tionally, when the initial concentrations are 0.1, 0.2 and 0.5 mol/L,
respectively, the relative intensities of these peaks are much
stronger than those of other peaks. The higher the peak of
diffraction line is, the better the crystallinity of the product is.
Additionally, the dried lanthanum hydroxide powders were
calcined at 800 �C in air for 1.5 h, the phase information of the final
product is shown as the diffraction curve at the top of Fig. 3. We can
see from Fig. 3 that lanthanum hydroxide is completely trans-
formed into lanthanum oxide after calcination, the equations of the
reaction are as follows21,22:

LaðOHÞ3/LaOOH þ H2O (7)

2LaOOH/La2O3 þ H2O (8)
Fig. 3. XRD patterns of the samples before and after calcination.
On the other hand, no impurities are identified from XRD pat-
terns of the products before and after roasting. After washing, the
chlorine content of La(OH)3 is lower than 0.040 wt%, and that of
La2O3 after roasting is lower than 0.018 wt%. According to GB/T
4154-2015, the chlorine content of lanthanum oxide products
prepared by this method is lower than the national standard (0.02
wt% corresponding to La2O3e4N5).

3.2. Effect of initial concentration of LaCl3 on micro morphology

The morphology of the product is observed with SEM tech-
nique. The microstructures of the lanthanum hydroxide samples
that form at different initial concentrations of LaCl3 are shown in
Fig. 4. Different initial concentrations may result in different
microstructures. Obviously, when the initial concentrations are 0.1,
0.2 and 0.5 mol/L, respectively, the micro-structures of these
particles are of great similarity, the surfaces of these crystals are
covered with agglomerated particles (Fig. 4(a), (b) and (e),
respectively), while the microstructures of the crystals obtained at
the initial concentrations of 0.3 and 0.4 mol/L have similar char-
acteristics, it is obvious that these crystals were composed of
fibrous structures (Fig. 4(c) and (d)). According to the XRD pat-
terns of the samples (Fig. 3), it may be inferred that the different
relative intensities of diffraction lines might correspond to the
different microstructures.

Some representative SEM micrographs of the lanthanum oxide
samples are shown in Fig. 5. It is not difficult to see that the
crystals after roasting have porous structure, and are composed of
small particles with sheet structure. By contrast, the agglomerated
particles that form at the initial concentration of 0.1 mol/L are
more uniform (Fig. 5(a)), while the other morphology of the
roasted products is very similar (Fig. 5(bee), respectively). In the
whole, the initial concentrations of LaCl3 might have little influ-
ence on the morphology of the roasted particles. Additionally, the
prepared lanthanum oxide crystals are non-spherical particles
(Fig. 5(f)).

3.3. Effect of initial concentration of LaCl3 on particle size of La2O3

It could be seen from the research above that La(OH)3 powders
are formed at different initial concentrations of LaCl3, after calci-
nation, La2O3 powders are obtained finally. The particle size dis-
tribution and median particle size (D50) of La2O3 are shown in
Figs. 6 and 7, respectively.

On the one hand, the conclusion drawn from Fig. 6 is that the
particle size distributions of La2O3 are similar at different concen-
trations. When the concentrations are 0.4 and 0.5 mol/L, respec-
tively, the uniformity of particle size is better than that of the
particles obtained at the concentrations of 0.2 and 0.3 mol/L, but
inferior to that of the sample obtained at the concentration of
0.1 mol/L. In addition, the product particle size distribution curve
has two normal distribution peaks, and it can be known from the
previous analysis that the product is pure substance. Therefore, the
reason may be that the products are non-spherical particles,
resulting in large differences in particle sizes in different directions,
which is consistent with the results of microstructure analysis
(Fig. 5(f)).

On the other hand, it can be seen from Fig. 7 that D50 of the
particles is within 10e20 mm, which is in accordance with the
provisions of lanthanum oxide national standard (GB/T 4154-2015).
The large-size La2O3 can be used in many fields, such as the ce-
ramics, polishing and glass industries. What's more, the curve in
Fig. 7 indicates that the concentration has a great influence on the
particle size. We can see that the median particle size of La2O3
decreases first and then increases with the concentration. The



Fig. 4. SEM images of the lanthanum hydroxide samples formed at different initial concentrations of LaCl3. (a) 0.1 mol/L; (b) 0.2 mol/L; (c) 0.3 mol/L; (d) 0.4 mol/L; (e) 0.5 mol/L.
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reason may be that the concentration had a great influence on the
nucleation velocity of the crystal and the mass transfer velocity of
the solute in the solution. When other conditions are certain, the
growth rate of the crystal is greater than the nucleation rate at low
concentration. As the concentration increases, the nucleation rate
increases, which limits the growth rate because of the limited mass
transfer speed, resulting in incomplete crystal development. Sub-
sequently, the concentration continues to increase, both nucleation
rate and growth rate of the crystal are improved, which allows the
crystal to develop completely. Therefore, through the above anal-
ysis, it can be inferred that the median particle size (D50) of the
samples may be controlled by controlling the concentration of
electrolyte.
Fig. 5. SEM images of the lanthanum oxide samples calcined at 800 �C in air for 1.5 h at
0.4 mol/L; (e) 0.5 mol/L; (f) The big picture.
3.4. Effect of initial concentration of LaCl3 on current efficiency and
energy consumption

The results given in Table 2 indicate that the production in-
creases monotonically from 0.695 to 0.998 g with the initial
concentration of LaCl3 is elevated from 0.1 to 0.3 mol/L, and it
remains about 1 g with the concentration is increased from 0.3 to
0.5 mol/L. In parallel, the average voltage decreases mono-
tonically from 20.6 to 8.4 V, suggesting that the initial concen-
tration has a great influence on the average voltage. According to
the data in Table 2, it is easy to get the current efficiency and
energy consumption of La(OH)3 by Eqs. (5) and (6) and the re-
sults are shown in Fig. 8. On the one hand, the current efficiency
different initial concentrations of LaCl3. (a) 0.1 mol/L; (b) 0.2 mol/L; (c) 0.3 mol/L; (d)



Fig. 6. Particle size distribution of La2O3 at different initial concentrations of LaCl3.

Fig. 7. Effect of the concentration of LaCl3 on median particle size (D50) of La2O3.

Fig. 8. Effect of initial concentration of LaCl3 on current efficiency and energy con-
sumption of La(OH)3.
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is close to 60% at 0.1 mol/L, and when the initial concentration of
LaCl3 increases to 0.3 mol/L, the current efficiency reaches about
85%, and then it does not go up with the concentration; the
energy consumption decreases monotonically from about 15 to
4 kW$h/kg, the reason may be that the lower initial concentra-
tion has lower conductivity, which leads to higher energy con-
sumption. On the other hand, according to the presented cathode
and anode reaction of H2 and Cl2, respectively, the theoretical
electrolytic voltage of whole reaction will be 2.12 V. Although the
voltage decreases as the concentration increases, the real elec-
trolytic voltage is much higher compared with the theoretical
value. The possible reasons include high resistance of the solu-
tion because of the large electrode distance, and high membrane
area resistance of the ionic membrane, so the reduction of energy
consumption will be studied in our future work.
Table 2
Effect of initial concentration of LaCl3 on production of La(OH)3 and average voltage.

Initial concentration
CA (mol/L)

0.1 0.2 0.3 0.4 0.5

Production m (g) 0.695 0.844 0.998 1.005 1.002
Average voltage V (V) 20.6 14.9 11.9 9.1 8.4
4. Conclusions

The results of this research show that the new method of pre-
paring the lanthanum oxide by electrolysis of lanthanum chloride
aqueous solution is feasible, and the ion-exchange membrane
electrolysis technology can be applied well in the preparation of
lanthanum oxide. The influence of the initial concentration of LaCl3
on the process of electrolysis was mainly studied, and the conclu-
sions drawn at the conditions of this work are as follows:

According to the product characteristics analysis, the product
formed by electrolysis of LaCl3 aqueous solution directly is La(OH)3,
whose chlorine content is lower than 0.04 wt%, the microstructure
is fibrous and porous. After being roasted at 800 �C for 1.5 h, La2O3
is obtained eventually, whosemedian particle size D50 is 10e20 mm,
and the chlorine content is lower than 0.02 wt%. The crystals after
roasting are porous and non-spherical particles, which are
composed of small crystals with sheet structure. Additionally, the
effect of the initial concentrations of LaCl3 on the morphology of
La(OH)3 and La2O3 is not obvious.

According to the results of calculation, when the initial con-
centration of LaCl3 ranges from 0.1 to 0.5 mol/L, the current effi-
ciency of La(OH)3 increases from about 60% to 85%, meanwhile, the
energy consumption of La(OH)3 decreases from about 15 to
4 kW$h/kg, respectively. Besides, when the concentration of LaCl3 is
more than 0.3 mol/L, the current efficiency will not increase with
the concentration.
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