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A Study on RecoveRy of ceRium by LeAching SoLventS fRom nimh WASte bAtteRy 

in this study, a rare earth composite precipitation (naree(So4)2H2o, ree: ce, La, nd, Pr) powder was prepared from spent 
nickel hydride batteries, and cerium hydroxide was separated from its constituent rare earth elements. as ce(oH)3 can be oxidized 
more easily than other rare earth elements (La, nd, and Pr), ce3+ was converted to ce4+ by injecting air into the leachate at 80°c 
for 4 h. The oxidized powder was leached using sulfuric and hydrochloric acids. Because ce(oH)4 has low solubility, it can be 
separated from other elements. Therefore, the pH of the leaching solution was adjusted for selective precipitation. To determine 
the crystalline phase, recovery, and grade of the recovered ce(oH)4, the powders were analyzed using X-ray diffraction, scanning 
electron microscopy, and inductively coupled plasma optical emission spectroscopy. The grade and recovery rates of the ce(oH)4 
powder recovered from the rare earth composite precipitate using sulfuric acid as the solvent were 95% and 97%, respectively, 
whereas those of the powder recovered using hydrochloric acid were 96% and 95%, respectively.
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1. introduction

owing to the complexity of the processes for separating 
and refining elements from their mineral states as well as the 
remoteness of locations of their mines, the production of rare 
earth elements (rees) is limited. according to the United States 
geological survey statistics, 36.67% of the world’s rare earth 
reserves are in china, and because of the stringent policies and 
regulations of the government, an imbalance exists in the world’s 
supply and demand of rees [1].

as rees are used in sophisticated applications, such as 
electric/hybrid vehicles and wind power generation, their demand 
is expected to increase in future [2-3]. Therefore, in countries 
with scarce ree resources, it is necessary to develop technolo-
gies that can efficiently recover rare earth resources from e-waste, 
especially batteries [4].

nickel hybrid batteries contain nickel, cobalt, and rees, 
such as cerium, lanthanum, neodymium, and praseodymium. 
Several studies have been conducted to efficiently recover 
these elements [5-10]. in particular, extensive efforts have been 
devoted to the recovery of nickel, cobalt, and rees from spent 
nickel hydride (nimH) batteries. oxalic acid has been used for 
the recovery of rees in the form of naree(So4)2·H2o via a 
precipitation reaction [9,10]. However, rare earth composite pow-

ders in the form of naree(So4)2·H2o cannot be used directly 
for industrial applications, and the research on the separation 
techniques for rees is insufficient.

Therefore, we conducted a study on the separation and 
recovery of cerium from rare earth composite powders ob-
tained from spent nimH batteries. cerium, with the highest 
content among the other constituents, such as lanthanum, neo-
dymium, and praseodymium, is the principal constituent of the 
naree(So4)2·H2o powders. in a previous study, we isolated 
ce(oH)4 from sulfuric acid-based solvents [11]. However, in in-
dustries, rees are generally separated via solvent extraction us-
ing hydrochloric acid [12,13]. in this study, naree(So4)2·H2o 
was prepared through a metathesis reaction from wasted nimH 
batteries, and it was further oxidized to prepare cerium hydrox-
ide. The characteristics of the final product obtained using differ-
ent types of acid solvents, such as sulfuric acid or hydrochloric 
acid, were analyzed.

2. experimental

in this study, rare earth composite precipitation 
(naree(So4)2 ·H2o, ree: La, ce, nd, and Pr) powder was 
obtained by removing cobalt and nickel from wasted nickel 
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hydride batteries (nimH battery, model: HHr-33aH72W6, 
Hitachi). TaBLe 1 lists the contents of the spent nimH battery 
and naree(So4)2·H2o powder. The precipitated powder con-
tained 17.2% ce, 13.1% La, 5.44% nd, and 1.8% Pr.

a metathesis reaction was performed to convert 
naree(So4)2·H2o to ree(oH)3 by adding a sodium hydrox-
ide solution to the slurry of the naree(So4)2·H2o powder with 
a solid-liquid ratio of 50 g/l. The temperature of the reaction 
was maintained at 70°c for 4 h using a jacketed reaction flask.

Unlike other ree hydroxides (La(oH)3, nd(oH)3, and 
Pr(oH)3, powder), cerium hydroxide (ce(oH)3, powder) can be 
easily oxidized. Therefore, the slurry was oxidized at a tempera-
ture of 80°c for 4 h while injecting air at a rate of 2000 cc/min. 
after oxidation, the slurry was separated into solid and liquid 
phases. The recovered powder was separately dissolved in 1 m 
sulfuric acid and 1 m hydrochloric acid, each having a solid-
liquid ratio of 25 g/L.

ce4+ has low solubility; therefore, unlike other elements 
(La3+, nd3+, and Pr3+), it can be selectively precipitated by ad-
justing the pH. Hence, 10 m aqueous naoH solution was added 
to the leachate to adjust the pH, and the powder was selectively 
recovered in the form of ce(oH)4. The precipitated powder 
(ce(oH)4) was recovered via solid-liquid separation and dried 
at 80°c for 24 h.

The crystalline phase of the recovered powder was analyzed 
using X-ray diffraction (XrD), and the shape of the powder 
particles was confirmed using field emission scattering elec-
tron microscopy (fe-Sem). The recovery rate and grade of the 
recovered ce(oH)4 according to the type of solvent used were 
measured using inductively coupled plasma optical emission 
spectroscopy (icP-oeS).

3. Results and discussion

We substituted the naree(So4)2·H2o powder with an rare 
earth hydroxide (ree(oH)3) powder through a metathesis reac-
tion using a sodium hydroxide solution. The metathesis reaction 
is given by eq. (1). for the ce4+ state, which is obtained after 
the oxidation of ce3+ of ree(oH)3, the basicity is weaker than 
that of other rees (La3+, nd3+, and Pr3+); therefore, it is possible 
to separate the rees by adjusting the pH [14]. Therefore, after 
the metathesis reaction, the slurry was oxidized.
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fig. 1 shows fe-Sem images of the rare earth composite 
powder and ree(oH)3 before and after the metathesis and 

oxidation reactions. as the naree(So4)2·H2o powder was 
converted to the corresponding ree(oH)3 powder, a color 
change from white to pale yellow was observed. The particles 
in the ree(oH)3 powder before the oxidation reaction exhibits 
a pointed polygonal pyramid shape, and after the oxidation, 
the particles possess a blunt point, and fine particles exist  
together.

fig. 1. fe-Sem images and digital photographs of the rare earth com-
posite precipitation powders and hydroxide rare earth powder before 
and after oxidation process. (a: naree(So4)2·H2o, B: ree(oH)3 
before oxidation, c: ree(oH)3 after oxidation)

The oxidized powder was leached into sulfuric acid and hy-
drochloric acid, each at a solid-liquid ratio of 25 g/L. The leachate 
was analyzed according to the pH using icP-oeS for each acid 
type, and the leaching rate for each element is shown in fig. 2. 

experimental results differed depending on the type of the 
leaching solvent used. Using sulfuric acid, the leaching rates 
of La, Pr, and nd were higher than 80% at pH 2.5, whereas 
approximately 0.1% of ce was leached. Therefore, the optimal 
condition for separating ce(oH)4 from other rare earth hydrox-
ides (La, nd, Pr(oH)3) using sulfuric acid was pH 2.5. in addi-
tion, at pH 1, more than 90% of all rees, including ce, were  
leached. 

TaBLe 1

The composition and concentration of nimH battery and the rare earth composite precipitation powder (naree(So4)2·H2o)

element (wt.%) ni ce co La mn nd c K Zn Pr Al fe
nimh battery 45.8 10.4 8.5 6.7 3.6 3.1 2.1 1.8 1.2 0.9 0.9 0.4

naRee(So4)2·h2o 0.1 17.2 0.02 13.1 — 5.44 — — — 1.8 — —
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in contrast, hydrochloric acid leached 3.1% of ce at pH 1. 
Under the conditions of pH 2, 3, and 4, less than approximately 
3% of ce was leached, and other rees (La, nd, and Pr) showed 
a leaching rate of more than 90%. at pH 6, the leaching rate 
decreased sharply for all the elements. Using hydrochloric acid 
is a more efficient strategy than using sulfuric acid because 
hydrochloric acid separates ce at a relatively lower pH and con-
sumes less amounts of naoH. Based on this result, the recovered 
powder after oxidation (La, nd, Pr(oH)3, ce(oH)4) was leached 
in sulfuric acid and hydrochloric acid, and ce(oH)4 was selec-
tively recovered by adjusting the pH to 2.5 and 1, respectively, 
to separate cerium from other rees.

fig. 3 shows the crystal phase and the Sem image of the 
recovered ce(oH)4 powder. The results of this study also con-
firmed the presence of a cubic fluorite crystal phase, consistent 

with the XrD pattern of ce(oH)4 reported by ansari et al. [15]. 
in the XrD pattern of the ce(oH)4 powder, the powder recov-
ered using hydrochloric acid demonstrates relatively less noise 
signals and a sharper peak than that recovered using sulfuric acid. 
The ce(oH)4 powder recovered by hydrochloric acid comprises 
particles of ~5 μm in size with a distinct polygonal pyramidal 
particle shape. However, the powder recovered by sulfuric acid 
agglomerated into large and small particles. This resulted in the 
relatively low noise of the XrD pattern of the powder obtained 
using the hydrochloric acid solvent. The powder recovered after 
sulfuric acid and hydrochloric acid leaching was dark yellow and 
pale greenish-yellow in color, respectively.

after recovering ce(oH)4, icP-oeS analysis was per-
formed on the liquid and solid phases, and fig. 4 shows the 
recovery and grade of ce with respect to the contents of 

fig. 2. rare earth element leaching rate according to pH of rare earth hydroxide powder after oxidation process. (a: Sulfuric acid solvent,  
B: Hydrochloric acid solvent)

fig. 3. XrD patterns and fe-Sem images of ce(oH)4. (a: Sulfuric acid solvent, B: Hydrochloric acid solvent)
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the naree(So4)2·H2o powders. The recovery is the percentage 
of the amount of ce contained in the powder finally recovered 
in the form of ce(oH)4 compared to the naree(So4)2·H2o 
powders. The grade is the proportion of ce, which is the main 
component, in ce(oH)4 powder. The recovery rate and grade 
of ce obtained using sulfuric acid as the solvent were 97% and 
95%, respectively, while those obtained using hydrochloric acid 
were 95% and 96%, respectively. Therefore, extraction of ce 
using both solvents demonstrated similar results. 

4. conclusions

a study was conducted to selectively separate cerium from 
naree(So4)2·H2o powders recovered from a spent nimH 
battery. The important highlights of this study are as follows:
1) after the metathesis and oxidation reactions, the recovered 

powder (La, nd, Pr(oH)3+ce(oH)4) was leached in sulfuric 
acid and hydrochloric acid, and the selective precipitation 
of ce(oH)4 according to the solvent used was compared. 

2) The shape of ce(oH)4 particles recovered using hydro-
chloric acid was a polygonal pyramid, whereas the powder 
recovered using sulfuric acid contained small particles of 
various shapes, which were agglomerated.

3) after leaching, ceoH4 was selectively precipitated at a pH 
of 2.5 in sulfuric acid, whereas it precipitated at a pH of 1 in 
hydrochloric acid. The recovery and grade of ce showed a 
similar trend for both solvents. considering the amount of 
aqueous naoH solution used for the pH adjustments, the 
recovery of ce using hydrochloric acid was economical.
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