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Abstract−We studied the leaching kinetics of recovering neodymium in sulfuric acid from the rare earth elements

(REE) slag concentrated by smelting reduction from a magnetite ore containing monazite. The leaching kinetics on

neodymium was conducted at a reactant concentration of 1.5 g REE slag per L of 0.3 M H2SO4, agitation of 750 rpm

and temperature ranging from 30 to 80 oC. Neodymium oxide included in the REE slag was completely converted into

neodymium sulfate phase (Nd2(SO4)3) in H2SO4 after the leaching of 5 h, 80 oC. As a result, the leaching mechanism

was determined in a two-stage model based on the shrinking core model with spherical particles. The first step was

determined by chemical reaction, and the second step was determined by ash layer diffusion because the leaching of

REEs by the first chemical reaction increases the formation of the ash layer affecting as a resistance against the leaching.

By using the Arrhenius expression, the apparent activation energy of the first chemical reaction step was found to be

9 kJmol−1. After the first chemical reaction, leaching reaction rate was determined by the ash layer diffusion. The apparent

activation energy of ash layer diffusion was found to be 32 kJmol−1.

Keywords: Leaching Kinetics, Magnetite Ore, Combinational Metallurgy, REE Slag, Neodymium Oxide, Neodymium Sulfate,

Sulfuric Acid, Shrinking Core Model, Chemical Reaction, Ash Layer Diffusion

INTRODUCTION

Rare earth elements (REE) are a family of lanthanides ranging

from lanthanum to lutetium, plus scandium and yttrium. They were

named ìrare earth elementsî by IUPAC, but unlike the name, cerium

is the 26th most abundant element, and neodymium is more abun-

dant than gold in the earth’s crust [1].

China provides 97% of the REE world’s supply. While the demand

is increasing in the field of leading edge industries such as fuel cells,

mobile phones, displays, high-capacity batteries, permanent mag-

nets for wind power, and green energy devices, China has recently

done copious cuts of its export in the name of environmental protec-

tion. As the result, their supply has drastically diminished and the

price of REEs has greatly increased.

Among the REEs, neodymium has been broadly used in vari-

ous fields that require magnets with high magnetism, such as per-

manent magnets, cranking motor of automobiles, computers, audio-

visual components, magnetic separators, and military and aerospace

systems. The average annual growth in the magnet market has in-

creased to 70% due to the increase in world demand over the last

decade [2-5]. The price of neodymium recently skyrocketed from

14 US$/kg to 154 US$/kg, the highest increase rate of price among

the REEs [6].

In the midst of world supply instability of REEs, the REE-free

countries need to find an alternative solution to develop the new

resources such as electronic-wastes (E-wastes) or low-grade ores.

In the case of metallurgical method of these raw materials, there

are two methods: pyrometallurgy and hydrometallurgy.

Generally, pyrometallurgy has been widely used in the treatment

process of conventional high-grade ores to date, but the method is

gradually losing its competitiveness in the treatment of low-grade

ores due to the difficulty of treating small amounts, high energy con-

sumption, many environmental pollutants and additional burdens

on environmental treatment expense. Meanwhile, hydrometallurgy

is an effective technology for the leaching of rare earths from low-

grade metal resources because of the selective leaching by appro-

priate solvent, low process cost and occurrence of relatively little

pollutants [7-15].

In this study, a combinational method using pyrometallurgy and

hydrometallurgy is newly applied to attain the effective leaching of

neodymium from magnetite ore [16-18].

THEORY

The leaching of REE slag is hypothesized by a shrinking core

model with a constant size and a two-stage model with a chemical

reaction and ash layer diffusion because REE slag is oxidized through

the pyrometallurgy by arc furnace. Accordingly, the leaching mech-

anism assumes that the H2SO4 solution diffuses into ash layers remain-

ing after the first chemical reaction. Finally, after the completion of

leaching, REE slag only remains ash layers as shown in the leaching

behavior diagram of Fig. 1.
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The Nd2O3 existing in the REE slag is converted into Nd2(SO4)3

phase under H2SO4 solution as in the following Eq. (1).

3H2SO4(A)+Nd2O3(B)→Nd2(SO4)3+3H2O (1)

Assuming a first-order chemical reaction rate model based on

the shrinking core model [19,20] with the same particle size before

and after the leaching that has a spherical shape, the chemical reac-

tion may be expressed in the following Eq. (2).

(2)

However, the variation of can be ignored during the chemical reac-

tion because the H2SO4 is added into the reactor excessively than

the stoichiometric ratio. Since can be accepted as a constant in Eq.

(2), this model is modified as follows:

1−(1−XB)
1/3=kc, chemt (3)

The variation of H2SO4 (XA) can be disregarded because it is exces-

sively added. XB is fractional conversion of neodymium in REE

slag and kc, chem is the apparent rate constant for chemical reaction

and inverse of the time required for complete conversion is given

when rc=0.

(4)

R is the radius of initial REE slag particle. CAo is initial concentra-

tion of H2SO4. ρB is the molar density of neodymium in REE slag

and ks is the first-order rate constant for the chemical reaction.

During the chemical reaction, the neodymium oxide existing on

the surface of REE slag is first leached out, and the ash layer remain-

ing after the initial chemical reaction becomes thicker and acts as a

resistance against the leaching reaction from the surface to inside

core. Therefore, the ash layer diffusion can be considered as a second

stage for the rate-determining step. In the ash layer diffusion model,

there are many kinetic equations [21-23], but the reaction rate can

be expressed in terms of the diffusion rate of H2SO4 through the

ash layers by shrinking core model as follows:

1−3(1−XB)
2/3+2(1−XB)=kc, asht (5)

kc,ash is the apparent rate constant for ash layer diffusion and inverse

of the time required for complete conversion of a particle, rc=0.

(6)

De is the effective diffusion coefficient of H2SO4 in the ash layer, R

is the radius of initial REE slag particle. CAo is initial concentration

of H2SO4. XB is the fractional conversion of neodymium in REE

slag and ρB is the molar density of neodymium in REE slag.

EXPERIMENTAL

1. Materials and Procedure

The raw material was magnetite ore containing monazite and

collected from Hongcheongun in Korea. Monazite (REEPO4) is

primarily composed of rare earth phosphate, especially those of low

atomic numbers such as Ce, La, and Nd along with the numerous

other minor constituents such as Pr, Sm, and Gd etc. [24,25].

The magnetite ore contained 3% REEs, which was highly con-

centrated to 9% REEs in the slag after the separation of 55% iron by

smelting reduction. At this time, 20 g silica as flux and 140 g coke

as a reducing agent were added to 1 kg of ore, which was smelted

in an arc furnace for two hours at 1,500 oC. 99% of the contained

iron was extracted and 415 g of slag was recovered. The REE slag

obtained after the smelting reduction process was milled and washed

with water to remove impurities from the REE slag. Finally, the

particle size had an average size of 100µm. Rare earths in a magne-

tite ore were first concentrated into a slag phase by the pyrometal-

lurgy of a reduction smelting process and then the REE slag was

treated by hydrometallurgy as investigated in many researches [26-

31].

The leaching experiment was carried out under the low slurry

density of 1.5 g slag/L, 0.3 M H2SO4, with the agitation of 750 rpm

at a temperature range of 30 to 80 oC using the Pyrex reactor volume

of 1 L. The REE slag is composed of various REE oxide, polymetal

silicate, and ash layers. A low slurry density was used to prevent

gelation of dissolved silica during leaching. Mixing rate was fixed

at high speed of 750 rpm to prevent yield reduction by low mixing

rate.

2. Measurements

Metal compositions included in the REE slag were analyzed by

inductively coupled plasma-mass spectrometry (ICP-MS, X-series

(X5), Thermo Elemental, UK). ICP-MS was found to be the most

suitable technique for the determination of REE content because it

exhibits high sensitivity and accuracy, with high sample throughput.

ICP-MS also allows rapid simultaneous multi-element determina-

tion [32].

The pH values were measured by pH electrode in advanced elec-

trochemistry meter (Orion VERSASTAR, Thermo Scientific).

The morphologies of leach residues were observed by scanning

electron microscope (15 kV, JEOL, JSM-6400). The samples for

SEM investigation were prepared after the sufficient washing in

water.

Sampled neodymium solution was filtrated by a syringe filter with

0.2µm pores, and then neodymium ion concentration was analyzed

by inductively coupled plasma-atomic emission spectrometry (ICP-

AES, iCAP6000, Thermo Fisher, UK) during the leaching. At this

time, the wavelength for ICP-AES analysis was selected at 430.3 nm,

which is the condition to minimize interferences between the ele-
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Fig. 1. Schematic diagram for the leaching behavior of neodymium
from REE slag.
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ments. When viscous silicate solution is injected into the plasma

and nebulizer is blocked, the accuracy and detection limits of the

ICP-AES are usually degraded. This problem could be avoided by

limiting the input of viscous solution and by frequent washing of

the nebulizer.

Nitrogen adsorption and desorption isotherms were measured

for BET surfaces at 77 K using a Micromeritics TriStar 3000 auto-

matic analyzer. Before the measurements, the samples were out-

gassed for 2 h in the degas port of the adsorption apparatus.

RESULTS AND DISCUSSION

As shown in Eh-pH diagram of Fig, 2, Nd2O3 is reduced into Nd2

(SO4)3 under the condition below the pH level of 4 at 30 oC and is

precipitated by Nd(OH)3 over the pH. Therefore, the leaching con-

dition is desirable to keep the pH level below 4 for the sake of efficient

leaching of neodymium. In this experiment, all the H2SO4 concen-

trations were fixed at 0.3 M to keep sufficient acidic solution condi-

tion below the pH level of 1.5.

Table 1 is an elemental composition of REE slag analyzed by

ICP-MS. There are many chemical components in the REE slag.

As shown in Table 1, 1.4% of neodymium component is included

in the REE slag.

The neodymium was leached under a slurry density of 1.5 g slag/

L H2SO4, with agitation at a temperature range of 30 to 80 oC. If

metal components exist as the forms of the simple metal oxide, the

Fig. 2. Eh-pH diagram of neodymium chemical species in H2SO4

solution [33].

Table 1. Elemental composition of REE slag analyzed by ICP-MS

Element Conc. Element Conc. Element Conc.

La 2.76% Tb 24 ppm U 02 ppm
Ce 4.60% Dy 54 ppm Fe 0.70%
Pr 0.41% Ho 05 ppm Ca 13.9%
Nd 1.14% Er 17 ppm Mg 7.10%
Sm 831 ppm Tm 01 ppm Ba 2.16%
Eu 159 ppm Yb 09 ppm Sr 9.84%
Gd 278 ppm Lu 02 ppm Y 122 ppm

Table 2. Physical properties of REE slag before and after leaching

Characteristic Unit Before leaching
After

leaching

Surface area (BET) m2/g 0.1 73.5
Pore volume (BJH) cm3/g Not detectable 0.26
Average pore size (BJH) nm Not detectable 14

Fig. 3. N2 gas adsorption and desorption isotherms of REE slag
and pore size distribution before and after leaching; (a) be-
fore leaching (b) after leaching.

Fig. 4. Evolution of neodymium fractional conversion.

stoichiometric ratio of H2SO4 (Merck, 98%) required to convert into

sulfate forms is about 0.0018 M, but other REEs are simultaneously

leached out in H2SO4 solution during the leaching period. There-

fore, we added sulfuric acid of 0.3 M over the stoichiometric ratio

reacting with all REEs in the slag, and kept the solution at a strong

acidic condition of less than pH of 1.5.

As a result of N2 adsorption and desorption, BET surface area

had a value of 0.1 m2/g before the leaching but 73.5 m2/g after the

leaching of 80 oC, 5 h as shown in Table 2. In the case of initial REE

slag, N2 gas was never adsorbed to REE slag because REE slag has

no microstructure. On the other hand, in the case of REE slag after

the leaching, it was converted from initial nonporous state to last
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porous state because all the REEs leachable in H2SO4 solution were

leached out during the leaching.

The N2 adsorption-desorption isotherms of REE slag and pore

size distribution before and after the leaching, are depicted in Fig. 3.

Average pore size and pore volume were calculated by BJH method.

On the other hand, for REE slag raw material we could not obtain

pore size distribution data because it had no pores as expected. Pore

size distribution and hysteresis were newly shown by pore forma-

tion during the leaching, and the average pore size was 14 nm and

pore volume was 0.26 cm3/g.

Fig. 4 represents the fractional conversion of neodymium during

the leaching. As shown in Fig. 4, Nd2O3 existing in the REE slag

was completely leached out to Nd2(SO4)3 solution after the reaction

of 5 h at the condition of 80 oC and 0.3 M H2SO4.

Many researchers have considered the leaching mechanism as

single stage [34-55], two stages [56-58] or even three stages [59],

but this study was applied to a two-stage model because the con-

version rate of REE slag was divided into two stages, the first chemi-

cal reaction and the second ash layer diffusion on the basis of reaction

time of 20 min as shown in Fig. 4.

Particle size of raw material had an average size of 100µm, and

it kept the same size after the leaching reaction as shown in Fig. 5.

BET surface area had a value of 0.1 m2/g before the leaching but

73.5 m2/g after the leaching of 80 oC, 5 h. This result conforms with

the SEM result that REE slag is converted from nonporous state to

porous state through the leaching.

Accordingly, the reaction introduced a shrinking core model with

a constant particle size. The reaction rate was measured by analyz-

ing the neodymium concentration by ICP-AES.

On the basis of the amount of REE components existing ini-

tially in the REE slag, the concentration of H2SO4 was added 0.3 M

over the stoichiometric ratio of 0.0018 M H2SO4/1.5 g slag. There-

fore, it was assumed that CA is constant during the leaching.

The rate equation can be summarized as in Eq. (3) using the shrink-

ing core model that has the shape of a spherical particle. On the basis

of Eq. (3), the apparent rate constant (kc, chem) can be calculated by

the least square method at various reaction temperatures as shown

in Fig. 6.

To examine the effect of reaction temperatures, the apparent acti-

vation energy was calculated from rate constants according to the

temperatures as shown in Table 3. In the case of the chemical reac-

tion control, the intercept was −1.064×103 as shown in Fig. 7. The

apparent activation energy was determined to be 9 kJmol−1 in the

range of 30 to 80 oC. The small activation energy value shows that

Fig. 5. SEM photographs of REE slag according to leaching times
at 80 oC: (a) 0 min (b) 30 min (c) 300 min.

Fig. 6. Relationship between 1−3(1−XB)
1/3 and leaching times dur-

ing the chemical reaction stage.
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this leaching reaction is insensitive to temperature change for the

leaching of neodymium.

The chemical reaction is a rate determining step until 20 min.

The slag surface becomes rough after the chemical reaction and

only the ash layers remain. These ash layers will act as the resis-

tance for H2SO4 to go into inner layers for the leaching. Accord-

ingly, the ash layer diffusion was assumed as a second stage after

the chemical reaction.

The rate equation can be summarized as in Eq. (5) for the ash

layer diffusion rate-determining step using the shrinking core model

that has the shape of a spherical particle. On the basis of Eq. (5),

the apparent rate constant (kc, ash) is calculated using the least square

method at various reaction temperatures as shown in Fig. 8.

To investigate the effect of leaching temperatures, the apparent

activation energy was calculated from rate constants shown in Table

4. In the ash layer diffusion stage, the slope was −3.830×103 as shown

in Fig. 9. Finally, the apparent activation energy was found to be

32 kJmol−1 in the temperature range of 30 to 80 oC.

This estimated activation energy is different from those values

reported in the other ores. Feng et al. [60] studied the leaching kinetics

of rare earth leaching from roasted ore of bastnaesite with sulfuric

acid. It was found that the dissolution kinetics can be represented

by shrinking-core model with diffusion through a product/ash layer

diffusion as the rate-controlling step, and the activation energy was

calculated to be 9.977 kJ/mol. Bian et al. [61] investigated the leach-

ing kinetics of bastnaesite concentrate in HCl solution. It was found

that the dissolution kinetics can be represented by shrinking-core

model with diffusion through a product layer as the rate-controlling

step, and the activation energies for RE2(CO3) and REF3 leached

Table 3. Parameter searching data obtained from the regression for chemical reaction determining step

Parameter 30 oC 40 oC 50 oC 60 oC 70 oC 80 oC

a (slope) 1.560×10−2 1.705×10−2 1.871×10−2 2.026×10−2 2.293×10−2 2.584×10−2

b (y-intercept) 2.853×10−3 9.933×10−3 1.277×10−2 1.783×10−2 1.353×10−2 8.822×10−3

R2 0.9978 1.0000 0.9903 0.9839 0.9941 0.9986

Fig. 8. Relationship between 1−3(1−XB)
2/3+2(1−XB) and leaching

time during the ash layer diffusion stage.

Fig. 7. Arrhenius plot of chemical reaction stage.

Table 4. Parameter searching data obtained from the regression for ash layer diffusion determining step

Parameter 30 oC 40 oC 50 oC 60 oC 70 oC 80 oC

a (slope) 3.026×10−4 4.186×10−4 5.651×10−4 1.045×10−3 1.360×10−3 1.607×10−3

b (y-intercept) 2.461×10−1 3.077×10−1 4.635×10−1 4.107×10−1 4.678×10−1 5.403×10−1

R2 0.9230 0.9923 0.9892 0.9804 0.9899 0.9755

Fig. 9. Arrhenius plot of ash layer diffusion stage.
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from bastnaesite concentrate were calculated to be 59.39 kJ/mol

and 66.13 kJ/mol, respectively.

The difference in activation energies is probably due to the exist-

ence of different neodymium compounds in the raw material.

In this experiment, silica was added as a flux to increase fluid

flow of raw material in the pyrometallurgical process. As a result,

the silica brought about the formation of complex polymetal oxide

compounds. These compounds were induced the gelation by for-

mation of silicate during the hydrometallurgy and complex leach-

ing behaviors.

CONCLUSIONS

This study was carried out using the combinational method of

hydrometallurgy and pyrometallurgy for the leaching of effective

neodymium from a low grade Hongcheon magnetite ore. The mag-

netite ore was first concentrated to 9% REEs in the slag by pyromet-

allurgy of 1,500 oC after the dressing treatment and then it was used

as a raw material for hydrometallurgy.

Leaching reaction mechanism was proposed by a two-stage shrink-

ing core model as a leaching mechanism of neodymium oxide in

the H2SO4 from REE slag.

The first reaction was determined by chemical reaction and the

second reaction was determined by ash layer diffusion.

1. REE slag was converted from initial nonporous state of 0.1

m2/g to final porous state of 73.5 m2/g after the leaching because

REEs were leached out during the leaching. Thus effective leach-

ing was performed in this experimental condition.

2. The first reaction was rapidly leached out by chemical reac-

tion for 20 min. The reaction rate and yield increased with increas-

ing temperatures. In the first chemical reaction stage, the activation

energy was found to be 9 kJmol−1 in the temperature range of 30 to

80 oC. The postulated reaction was well conformed both by the linear

relationship of the rate constant and the apparent activation energy.

3. In the second ash layer diffusion stage, the apparent activation

energy was found to be 32 kJmol−1, which is larger than the chemi-

cal reaction. Therefore, temperature dependence in the ash layer

diffusion stage was more temperature-sensitive than the chemical

reaction stage.
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NOMENCLATURE

CA : concentration of H2SO4 reactant [molL−1]

CA0 : initial concentration of H2SO4 reactant [molL−1]

CB : concentration of REE slag reactant [molL−1]

CB0 : initial concentration of REE slag reactant [molL−1]

EChem : apparent activation energy for chemical reaction [kJmol−1]

EAsh : apparent activation energy for ash layer diffusion [kJmol−1]

ks : first-order rate constant for the chemical reaction [s−1]

kc, chem : apparent rate constant for chemical reaction [s−1]

kc, ash : apparent rate constant for ash layer diffusion [s−1]

NA : moles of H2SO4 reactant [mol]

NB : moles of REE slag reactant [mol]

NB0 : initial moles of REE slag reactant [mol]

rc : radius of unreacted slag [m]

R : radius of initial slag [m]

Sex : external surface area [m2]

t : time [s]

T : temperature [K]

XA : fraction of converted H2SO4

XB : fraction of converted neodymium in REE slag 

Greek Letter

ρB : molar density of neodymium component included in slag

[molL−1]
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