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Abstract

The leaching processes and mechanisms of weathered crust elution-deposited rare earth (RE) ores with ammonium sulfate were
investigated for their high efficiency and low consumption exploitation. The leaching process is a typical reversible heteroge-
neous ion exchange reaction in liquid—solid systems. The raw ore and leached tailings were analyzed by SEM and FTIR. Results
indicated that no dissolution or structural changes of the ores occurred during the leaching process. The migrations of RE**, AI**,
and NH; in the leaching process were studied under various liquid-solid ratios. With increasing liquid-solid ratio, the content of
NH; adsorbed on clay mineral by physical effect decreased, NH; adsorbed by ion-exchange increased, and the content of
exchanged RE and Al increased until reaching equilibrium. The adsorption capacity of the RE ores for NH; remained about
0.61-0.63 mg/g. It was difficult to desorb NH; from RE ores with washing water alone. The leaching mechanism of Al was the
same as RE, but the leaching of Al slightly lagged behind RE. At the optimal liquid—solid ratio of 0.4:1, the leaching efficiencies
of RE and Al were 95.51% and 90.99%, respectively, and 56.65% of NHI remained in the leachate. After impurity removal and
RE precipitation, the leachate can be reused by replenishing fresh leaching agent. The aim of this study is to enhance the leaching
process of RE, restrain the leaching of impurities, and decrease the consumption of leaching agents.
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1 Introduction

With the rapid development of advanced technology, the de-
mand for rare earth (RE) for the international market is quickly
growing, especially the demand for middle and heavy RE [1].

Highlights

* The leaching process of RE and impurity was a typical reversible
heterogeneous ion exchange reaction in liquid—solid systems.

* The leaching mechanism of Al was the same as RE, but the leaching of
Al slightly lagged behind RE.

* 56.65% of NH} remaining in the leachate can be reused after impurity
removal and RE precipitation.

* The residual NH} in RE ores was about 0.61-0.63 mg/g that was
difficult to desorb for washing water.
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Almost 80% of the middle and heavy RE exists in weathered
crust elution-deposited RE ore, also called ion-adsorbed RE
ore [2]. Owing to its great commercial value, exploitation of
weathered crust elution-deposited RE ore has attracted great
attention. The RE in the weathered crust elution-deposited RE
ore mainly exists as hydrated or hydroxyl hydrated ions and
are adsorbed on the clay minerals [3, 4]. Because of the spe-
cific occurrence states, RE can be exchanged easily from the
weathered crust elution-deposited RE ore into liquid phase
with an electrolyte solution through ion exchange. Then RE
can be recovered from the leachate using a precipitator—
ammonium bicarbonate [5].

During the past 60 years, instead of sodium chloride, am-
monium sulfate became the most popular leaching agent due
to its high leaching efficiency of RE and low environmental
pollution [6]. The leaching technology of the weathered crust
elution-deposited RE ore has also been innovated from barrel/
bath leaching to heap leaching, and then to in situ leaching [7].
Currently, in situ leaching has serval advantages, including
good protection of the surrounding environmental of the mine,
low labor intensity, etc., which makes it the main leaching
technology for RE recovery [8]. As shown in Fig. 1, the
leaching agent is injected into the RE ore body through the
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Fig. 1 The flow chart and profile map of in situ leaching technology

injection holes and slowly permeates from top to bottom.
During this process, the ammonium ion (NH} ) in the leaching
agent will exchange with the RE ions (RE**) on the surface of
the ore particle, and RE** will transfer into liquid phase from
the RE ore [9]. Besides RE, the impurity ions, such as AI**,
Mg?*, K*, Ca®, etc., exist as ion-exchangeable phase can also
be exchanged into liquid phase by NH, [10]. The leachate
containing RE and impurities is collected from the deflector
pipe at the bottom of the RE ores.

However, in situ leaching technology still has some draw-
backs, such as low utilization rate of RE resource, high content
of impurities in the leachate, large consumption of leaching
agent, etc. [11]. In order to solve the above problems, many
researchers studied the theoretical basis and production prac-
tice of the weathered crust elution-deposited RE ore. Novel
leaching agents such as magnesium sulfate [12], organic acids
[13], aluminum sulfate [14], carboxymethyl sesbania gum
[15], etc. were selected to replace the traditional leaching
agent, ammonium sulfate. The optimization of the leaching
technology was also tested [11, 16]. However, it is still diffi-
cult to apply these novel leaching agents widely in actual
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production due to their high cost, introduction of new impu-
rities and pollutants, or the tough treatment of leachate.
Recently, there has been a stagnation of leaching technology
development. Therefore, research on the leaching process and
mechanism of weathered crust elution-deposited RE ore is
proposed in this study. It will strengthen the theoretical basis
of weathered crust elution-deposited RE ore and provide the-
oretical guidance for its high efficiency and low consumption
exploitation.

The column leaching process was used to simulate the in
situ leaching process. Al accounts for 35-75% of the total
amount of impurities in the leachate and is the main impurity
[17]; therefore, it was chosen as the investigative impurity ion.
The leaching chemical basis of RE and Al from the weathered
crust elution-deposited RE ore was discussed in detail. The
raw ore and leached tailings were analyzed using SEM and
FTIR to reveal the leaching mechanism of RE and impurity.
The migrations of RE**, A", and NH; in the leaching pro-
cess were studied in order to enhance the leaching process of
RE, reduce the leaching of impurities, and decrease the con-
sumption of leaching agents. The effects of liquid—solid ratio
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on the migrations of RE**, AI**, and NH; were also investi-
gated to further explore the leaching mechanism. Moreover,
the distribution of NH in the leaching process was calculat-
ed. This study intends to provide guidance for the efficient
utilization of the leaching agent and decrease ammonia nitro-
gen pollution.

2 Experimental
2.1 Materials

The experimental RE ore sample is original RE ore collected
from Dingnan (DN) County in Jiangxi Province in southern
China. The RE ore sample was mixed thoroughly and dried in
a drying oven at 70 °C for 8 h.

All chemicals in this study were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
of analytical grade. The deionized water used was produced
by a specific system of water quality.

2.2 Column Leaching Experiments

In each column leaching experiment, 250 g of the RE ore
sample was packed uniformly in a glass leaching column with
an inner diameter of 45 mm and a column length of 500 mm.
A sand core filter plate was fixed to the bottom of the leaching
column to retain the soil particles and double layers of filter
papers were placed on the top of the RE ore sample to resist
preferential flow. The leaching agent (0.2 mol/L of ammoni-
um sulfate at an initial pH of 5.5-6.0) solution with different
volume was added from the top of the column at a flow rate of
0.5 mL/min by a peristaltic pump at room temperature. Once a
certain volume of leaching agent was pumped into the RE ore
sample, the deionized water instead of the leaching agent so-
lution was added as washing water to leach the RE ore sample
until the concentration of RE**, AI**, and NH; in the leachate
fell below the detection limit. Leachate was collected from the
bottom of the column.

2.3 Analytical Methods

The total content of RE in the leachate was determined by
ethylene diamine tetraacetic acid (EDTA) titration using

xylenol orange as indicator and hexamethylene tetramine as
buffer solution. Afterward, excess EDTA solution was added
into the studied sample solution and placed in a water bath at
90 °C for 10 min. The concentration of AI** was analyzed
using titration with a known concentration of zinc solution.
The concentration of NH, was measured by an ammonia gas
sensing electrode (PNH3-1-01, Shanghai INESA Scientific
Instrument Co., Ltd.). All analysis was repeated at least three
times, and the average value was obtained. The error range of
the analytical method was within £3%.

3 Results and Discussion
3.1 Characterization of RE Ore

The main chemical composition of the RE ore was determined
by X-ray fluorescence (Axios advanced, Panalytical B.V.),
and the result is listed in Table 1. As shown in Table 1, the
main chemical composition of the RE ore is SiO, and Al,O3,
which account for 58.09% and 19.53% of the total mass, re-
spectively, and the content of RE is 0.10%. The occurrence
states of RE and Al in the RE ore were analyzed by the se-
quential fractionating extraction methods [18, 19]. RE in the
minerals often exists as aqueous soluble state, ion-
exchangeable state, colloid sediment state, and mineral state
[20], and the percentage of each phase is 0.0083%, 90%,
3.2%, and 6.8%, respectively. There are obvious differences
in the content of RE among various states. Results indicated
that RE in the weathered crust elution-deposited RE ore main-
ly exists in the ion-exchangeable state. The exchangeable RE
grade is 0.090%.

The occurrence states of Al include soluble state, ex-
changeable state, adsorption inorganic hydroxyl state, iron
oxide combined state, interlaminar state, non-crystalline
metasilicate state, and mineral state [5], and the percentage
of each phase is 3.44 x 10 5%, 0.077%, 0.19%, 0.61%,
0.16%, 15.26%, and 83.70%, respectively. It is found that Al
mainly exists as mineral state and non-crystalline metasilicate
state in the weathered crust elution-deposited RE ore. The
grade of exchangeable Al is 0.015%. The grade of the ex-
changeable impurity ions can be obtained by a column
leaching experiment; 250 g of RE ore sample were leached
with 0.4 mol/L (NH,4),SO, solution until the concentration of

Table 1 Main chemical

composition of the RE ores (mass Component REO ALO; MnO, ZnO CaO MgO K,O Si0, P,05
fraction, %)
Content 0.10 19.53 0.01 0.01 0.02 0.52 3.54 58.09 0.20
Component SO, TiO, Fe,04 Rb,O SrO 710, BaO Loss
Content 0.04 1.40 8.07 0.02 0.01 0.02 0.04 8.36
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every kind of impurity ion in the leachate was below the
detection limit. Chemical composition of the leachate was
analyzed using inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7700x, Agilent Technologies Inc.). The
grade of the exchangeable K, Mg, Ca, Mn, and Zn is
0.012%, 0.011%, 0.0028%, 0.0022%, and 0.00024%, respec-
tively. It can be easily seen that the grade of the exchangeable
Al is larger than other impurity ions. Among all the different
states, only the exchangeable state can be exchanged from the
RE ore into liquid phase by cation. Aluminum, being the
uppermost impurity ion in the leaching process of RE, is often
studied as the typical impurity ion.

The partitioning of the exchangeable RE in the leachate
was analyzed by ICP-MS and the results are listed in
Table 2; 52.06% of RE is the middle and heavy RE with
tremendous commercial value.

The particle size distribution of RE ores and distribution of
exchangeable RE and Al are shown in Table 3. It can be seen
that the particle size of 60.27% RE ore is less than 0.25 mm.
Most RE ore samples are fine particles, implying a high con-
tent of clay minerals. The original rock is weathered complete-
ly, and the unweathered mineral with large particle size, such
as feldspar, quartz, and other accessory minerals, is negligible.
Of'the exchangeable RE, 78.33% and, of the exchangeable Al,
78.21% existed in the RE ore with a particle size below
0.25 mm, and the average grade is 0.10% and 0.019%, respec-
tively. Usually, the smaller the particle size of RE ore is, the
higher the content of the clay minerals. Clay minerals with
large specific surface area and multiple adsorption activity
centers can adsorb more cations [5]. Therefore, the exchange-
able RE and Al are mainly in the fine particles.

3.2 Leaching Mechanism of Weathered Crust
Elution-Deposited RE Ore

3.2.1 Leaching Chemical Basis of Weathered Crust
Elution-Deposited RE Ore

The weathered crust elution-deposited RE ores are mainly
composed of clay minerals, like kaolinite, halloysite,
white mica, etc. [21]. These clay minerals are all alumi-
nosilicates and are considered as natural inorganic ion-
exchangers. The exchangeable RE and impurity ions are
adsorbed on the clay minerals, which can be desorbed into
the solution by cations (NH;, Na, Mg?*, etc.) through
ion exchange reactions [22]. Therefore, the leaching
chemical reaction of RE and impurity ions (e.g., Al) with
ammonium salts may be written as [23]:

Clay-nRE>* () + 3nNH},, =Clay=3nNH ] + nRE** ) (1)

)

Clay—nAlH(S) + 3nNH2’<aq)‘——rClay—3nNHj((S) + nAl3+(aq) (2)
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Table 2  Partitioning of the exchangeable RE (mass fraction, %)
LREE Partition MREE Partition HREE Partition
L3.203 12.25 Sm203 11.86 H0203 1.28
CeO, 3.86 Eu,O5 2.16 Er,O; 3.07
P1sO14 12.07 Gd,O3 10.00 Tm,04 0.43
Nd,04 19.76 TbsO7 1.14 Yb,05 1.82
Total 47.94 Dy,03 6.88 Lu,O5 0.19
Total 32.04 Y504 13.25
Total 20.04

LREE, MREE, and HREE are the abbreviations of light RE element,
middle RE element, and heavy RE element, respectively

where s and aq represent solid phase and aqueous phase,
respectively.

As shown above, the leaching reaction is a typical revers-
ible heterogeneous reaction in liquid—solid systems. That is
the leaching theoretical basis of the weathered crust elution-
deposited RE ores [24].

Current leaching techniques used for weathered crust
elution-deposited RE ores are in situ leaching and heap
leaching. Despite the leaching method chosen, the leaching
agent all slowly permeates in the ore from top to bottom.
The leaching process of RE can be described concretely as
shown in Fig. 2. Once the leaching agent makes contact with
the ore, an immobile liquid film will first form on the surface
of the ore particle. After the immobile liquid film becomes
stable and is saturated, the solution begins to flow among
the ore particles and form a mobile liquid layer. NH; in the
mobile liquid layer needs to diffuse to the surface of the clay
minerals passing through the immobile liquid film and ex-
change with RE**, which is adsorbed on the surface of the
clay minerals. Owing to the consumption of NH; by ion-
exchange, the concentration of NH in the immobile liquid
film gradually decreases, and the concentration of NH; de-
creases with the decreasing distance from the reaction zone
(C;>C,). On the contrary, RE** exchanged by NH also
needs to diffuse to the mobile liquid layer across the immobile
liquid film. The concentration of RE** increases with the de-
creasing distance from the reaction zone (C3 > C,4). The con-
centration gap causes the diffusion of the reactants (NHJ )
from the mobile liquid center to the phase interface and the
diffusion of the reaction product (RE**) from the phase inter-
face center to the mobile liquid. Therefore, the leaching pro-
cess of weathered crust elution-deposited RE ores can be con-
sidered as a mass transfer between the mobile liquid layer and
the immobile liquid film [25].

3.2.2 SEM Analysis of Raw Ore and Leached Tailings

The raw ore and leached tailings were analyzed by scanning
electron microscope (SEM, JSM-6700F, JEOL Ltd.) and the
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Table 3 Particle size distribution
of RE ores and distribution of Size fraction/mm +0.83 —0.83~+0.25  —-025~+0.15 -0.15~+0.109  —0.109
exchangeable RE and Al (mass
fraction, %) Mass distribution 21.85 17.88 13.25 10.93 36.09
RE,0; Mass distribution 7.42 14.26 17.09 14.94 46.30
Grade 0.027 0.063 0.10 0.11 0.10
AlLO; Mass distribution 8.20 13.59 17.14 14.87 46.20
Grade 0.0054 0.011 0.019 0.019 0.018

results are shown in Fig. 3. There are almost no differences
between the morphology of raw ore and leached tailings. It
can be inferred that the leaching process of weathered crust
elution-deposited RE ore is only an ion exchange process, and
no dissolution or structural change of the ores occurred.

3.2.3 FTIR Analysis of Raw Ore and Leached Tailings

The raw ore and leached tailings were determined by fourier
transform infrared spectrum (FTIR, Nicolet Nexus 470 FT-IR,
Thermo Electron Corp.) and the results are shown in Fig. 4. It
indicates that the two absorption peaks at 3695 cm ' and
3620 cm ' are caused by the internal hydroxyl vibration of
the clay minerals. The three absorption peaks at 1114 cm ™',
1031 cm ™', and 1007 cm ™' are generated by the Si-O
stretching vibration of the clay minerals and microcline. The

absorption peak at 912 cm ' is produced by the O—H vibration

NH4*

quuld /
ﬂOW RE3* I/
center

NH4" [NH4"

NH4*

of the clay minerals. The three absorption peaks at 795 cm ',

756 cm™', and 698 cm ™" are caused by the Si-O—Si and Si-O—
Al vibrations of the layered silicates of clay minerals. The two
absorption peaks at 536 cm™ ' and 469 cm ! are produced by
the Si—O flexural vibrations and Al-O stretching vibration of
the clay minerals. The FTIR spectra of the raw ore is consis-
tent with that of the leached tailings, suggesting that there is
nearly no obvious change on the surface of the RE ores after
leaching.

3.3 Leaching Process of Weathered Crust
Elution-Deposited RE Ore

3.3.1 Migration of RE in the Leaching Process

The migration of RE in the leaching process under various
liquid—solid ratios is shown in Fig. 5. Initially, the

NH4*

NH,*
NH4*
RE**

NH4*

C) - the concentration of NHj in the liquid flow center; C, - the concentration of NHj on the

surface of mineral particles; C; - the concentration of RE** on the surface of mineral particles;

C4 - the concentration of RE*" in the liquid flow center

Fig. 2 The schematic diagram of the RE leaching process
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Fig. 3 SEM graph of raw ore (a)
and leached tailings (b)

TM3030_1946

concentration of RE increased to a maximum value and then
decreased to zero with the increasing volume of leachate. In
the initial stage of the leaching process, there were not enough
NH; ions in the leaching agents to exchange all the RE ions
that were adsorbed on the surface of the clay minerals.
Moreover, RE>* ions that were exchanged into the solution
migrated downward with the migration of the solution and
might be reabsorbed by the clay minerals. This explains why
the concentration of RE in the leachate was lower in the initial
leaching stage. However, with the inflow of leaching agent,
the content of RE** exchanged into the solution increased, and
the increasing concentration of surplus NH; in the solution
would restrain the reabsorption of RE**. The concentration of
RE in the leachate increased rapidly with the increasing vol-
ume of leachate. In the later stage of the leaching process,
almost all RE** had been exchanged into the solution and
the residual RE** on the clay minerals continued to decrease.
The concentration of RE in the leachate decreased until zero.

As shown in Fig. 5, all elution curves are nearly the same in
the studied range of leachate volume except the liquid—solid
ratios of 0.2:1 and 0.3:1 after the leachate volume reached
50 mL and 75 mL, respectively. This is caused by the

Raw ore

Transmittance/%
$69¢€
029¢

Leached tailings

S69¢
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1 " 1 //// 1
3500 3000 1500
Wavenumber/cm™

4000

Fig. 4 FTIR spectra of raw ore and leached tailings
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differences between the volume of the leaching agent solution
under various liquid—solid ratios. Take the liquid—solid ratio of
0.2:1 as an example, the added 50 mL of leaching agent solu-
tion could not completely soak 250 g of the RE ores (the
saturated water absorption amount of 250 g RE ores is about
110 mL). The leaching agent solution would migrate down-
ward under the driven force of the washing water until
discharging from the bottom of the RE ores. Once the leachate
volume reached 50 mL, the liquid filled in the RE ores was
almost all washing water. The washing water added subse-
quently could only make a small amount of RE** desorb from
the clay minerals and transfer into the solution. Therefore, the
concentration of RE in the leachate decreased sharply to zero
after the leachate volume reached 50 mL. For the same reason,
the concentration of RE began to decrease after leachate vol-
ume reached about 75 mL. It can be inferred that NH; is the
key to the desorption of RE** from the clay minerals. Once all
the leaching agent solution discharges from the bottom of the
RE ores, it is difficult to desorb RE>* from the clay minerals
by the washing water.

From liquid—solid ratio of 0.4:1 to 0.6:1, the elution curves
are almost the same in the studied range of leachate volume.

4
—a—L/S=0.2:1
5L —e—L/S=0.3:1
| —A—L1/S=0.4:1
= | —v—L/S=0.5:1
= X ——L/S=0.6:1
28 '
= 2F '
¢ '
= |
@) '
1+ X
0r X !
1 1 i : 1
0 50 100 150 200
V/mL
Fig.5 Migration of RE in the leaching process under various liquid—solid

ratios
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This indicates that almost all the RE had been leached under
the liquid—solid ratio of 0.4:1, and there was little effect on the
elution curves under high liquid—solid ratios. As shown in
Fig. 6, when the liquid—solid ratio increased from 0.2:1 to
0.6:1, the leaching efficiency of RE was 57.73%, 85.23%,
95.51%, 96.58%, and 97.54%, respectively. When the
liquid—solid ratio reached above 0.4:1, there was little effect
of liquid—solid ratio on the leaching efficiency of RE.

From Fig. 6, it also can be found that the curves of the
leachate volume (V) versus the RE leaching efficiency
(otrE, 0, ) nearly overlaps except for the liquid—solid ratio of
0.2:1 and 0.3:1 after the leachate volume of 50 mL and 75 mL,
respectively. The results are consistent with that shown in Fig.
5. It can be concluded that the optimal liquid—solid ratio is
0.4:1 and 95.51% of the RE leaching efficiency can be obtain-
ed. In the actual exploitation, the liquid—solid ratio should be
chosen according to the characteristic and RE grade of the RE
ores to realize a high efficiency and low consumption exploi-
tation of weathered crust elution-deposited RE ores.

3.3.2 Migration of Al in the Leaching Process

The migration of Al in the leaching process under various
liquid—solid ratios are shown in Fig. 7. Results indicates that
with increasing leachate volume, the concentration of Al in the
leachate increases to a maximum value and then decrease to
zero. The elution curves of Al are the same as that of RE. This
implies that Al is also exchanged by NH, which is similar to
RE; the leaching process and mechanism of RE and Al are the
same. Unlike the migration of RE, the improvement of the
liquid—solid ratio had little effect on the elution curves of Al
after the liquid—solid of 0.5:1 instead of 0.4:1. The leaching of
Al slightly lagged behind RE. This may be because the ad-
sorption capacity of the clay minerals on Al is stronger than

V/mL
0 50 100 150 200
T T T T T T T -
—a— L/S=0.2:1
L 96.58 97.54
100 o 1/5-03:1 /,95'5‘ %ﬁ »
—A— L/S=0.4:1
g0 v L/S=0.5:1 Ve
—— L/S=0.6:1 / /
=)
E060_ 57.73 L a-m //=
é ;
s 40
20 +
0 ®
0.2:1 0.3:1 0.4:1 0.5:1 0.6:1
L/S/(mL/g)

Fig. 6 Leaching efficiency of RE under various liquid—solid ratios
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Fig.7 Migration of Al in the leaching process under various liquid—solid
ratio

that on RE, or the exchangeability of NH, with Al is weaker
than that of NH; with RE. In the leaching process of weath-
ered crust elution-deposited RE ores, there is a competitive
desorption between RE and the impurity ions.

Leaching efficiency of Al under various liquid—solid ratios
is shown in Fig. 8. It can be seen that the leaching efficiency of
Al increases with increasing volume of the leachate. For
liquid—solid ratios from 0.2:1 to 0.6:1, the leaching efficiency
of Al reached a maximum value at the leachate volume of
50 mL, 75 mL, 100 mL, 125 mL, and 125 mL, respectively,
and then reached equilibrium. The results are consistent with
that shown in Fig. 8. The leaching efficiency of Al increased
slightly when the liquid—solid ratio was greater than 0.5:1. The
optimal liquid—solid ratio is 0.5:1 with maximum leaching
efficiency of Al. However, the exploitation of weathered crust
elution-deposited RE ores aims to obtain RE, instead of Al,
and the impurity ions in the leachate will increase the cost of

V/mL
0 50 100 150 200
T T T T
100 P L/S=02:1 98.33 9943
—e— L/S=0.3:1 90.99. v ’/
—A— L/S=0.4:1 —A—A 7 A—4
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—e— L/S=0.6:169.79 7
v ($ 00—
260} 2 7
N
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540 b %
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0F
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L/S/(mL/g)

Fig. 8 Leaching efficiency of Al under various liquid—solid ratio
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impurity removal and decrease the quality of the RE products.
Compared with the liquid—solid ratio of 0.4:1, the leaching
efficiency of Al increased by 7.34%, but the leaching efficien-
cy of RE only rose by 1.07% at the liquid—solid ratio of 0.4:1.
Therefore, the optimal liquid—solid ratio is 0.4:1 for a maxi-
mum leaching efficiency of RE (95.51%) and a relative lower
leaching efficiency of Al (90.99%). In conclusion, it is very
important to choose an optimal liquid—solid ratio to leaching
the weathered crust elution-deposited RE ores.

3.3.3 Migration of Ammonium lon in the Leaching Process

The migration of NH; in the leachate under various liquid—
solid ratios is shown in Fig. 9. It is found that with increasing
volume of the leachate, the elution curves can be divided into
three stages (I, II, and I'V) under the liquid—solid ratios of 0.2:1
to 0.4:1 and four stages (I, II, III, and IV) under the liquid—
solid ratios of 0.5:1 to 0.6:1.

In the first stage (I), the concentration of NH; in the leach-
ate was approximately zero. This is because almost all the
NH; in the leaching agent solution was used to exchange
RE®" and AI’* that were adsorbed on the surface of the clay
minerals in the initial stage of the leaching process.

In the second stage (II), the concentration of NH; in the
leachate increased rapidly to a maximum value. With the in-
flow of leaching agent and the outflow of RE** and AI**, the
residual RE** and AI** adsorbed on the clay minerals reduced,
and the surplus NH; in the solution increased. This is why the
concentration of NH; in the leachate increased rapidly.

In the third stage (III), the concentration of NH; in the
leachate was close to the initial concentration of 0.2 mol/L.
This stage can only be observed under the liquid—solid ratios
larger than 0.5:1. This is because 95.51% of RE** and 90.99%
of AP** had been exchanged and transferred into the solution
using 100 mL of the leaching agent solution (the liquid—solid
ratio of 0.4:1, shown in Figs. 6 and 8). Under higher liquid—
solid ratios 0f 0.5:1 and 0.6:1, there were no significant chang-
es in NHj concentration in the leachate, and it was approxi-
mately the same with the initial concentration once the leach-
ate volume exceeded 100 mL. However, under lower liquid—
solid ratios of 0.4:1 to 0.2:1, all NH; in the leaching agent
solution was used to exchange RE** and AI** that were
adsorbed on the clay minerals, and there was no surplus
NHI discharged from the RE ores. Hence, the third stage
did not appear under the liquid—solid ratio of 0.4:1 to 0.2:1.

In the fourth stage (IV), the concentration of NHZ in the
leachate decreased sharply to zero. Under the liquid—solid
ratios of 0.2:1 to 0.6:1, the RE ores were nearly filled with
washing water when the leachate volume exceeded 50 mL,
75 mL, 100 mL, 125 mL, and 150 mL, respectively. NH;
adsorbed on the surface of the clay minerals was difficult to
be desorbed into the solution by the washing water. Therefore,
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Fig.9 Migration of NH in the leachate under various liquid-solid ratios

the concentration of NHJ in the leachate began to decrease
sharply, once all the added leaching agent solution was
discharged from the RE ores.

Therefore, it can be concluded that the appearance of the
third stage means some of the leaching agent will be wasted.
In the actual production, the usage amount of the leaching
agent should be controlled reasonably.

As shown in Fig. 10, the migration of NH; in the RE ore
under various liquid—solid ratios can be divided into three
situations. All the column leaching experiments were
proceeded using 250 g RE ores, of which the saturated water
absorption amount was about 110 mL. In the first situation,
the volume of the leaching agent solution was smaller than
110 mL, such as the liquid—solid ratios of 0.2:1 (50 mL), 0.3:1
(75 mL), and 0.4:1 (100 mL). The content of NH; in the RE
ore remained stable at the beginning, then decreased to a con-
stant value with increasing volume of the leachate. When the
leachate outflowed from the bottom of the leaching column,
the influent liquid from the top of the leaching column was
replaced by washing water. No more NH; would be added
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Fig. 10 Migration of NH; in the RE ore under various liquid-solid ratios
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into the RE ores. Moreover, there was almost no NHI
outflowing from the RE ores in the initial stage of the leaching
process (the first stage shown in Fig. 9). Thus, the content of
NH; in the RE ore was similar to that in the leaching agent
solution, and the higher the liquid-solid ratio, the higher the
content of NHj in the RE ores. When NH; outflowed rapidly
from the RE ores (the second stage shown in Fig. 9), the content
of NHJ in the RE ore also decreased sharply. At the last stage
of the leaching process, the concentration of effluent NH;
decreased sharply to zero (the fourth stage shown in Fig. 9),
and the content of NH; in the RE ore approached to a constant.

In the second situation, the volume of the leaching agent
solution was only slightly larger than 110 mL, such as the
liquid—solid ratio of 0.5:1 (125 mL). There was a rising trend
of NH; content in the RE ore before reaching steady state,
compared to the first situation, and this was due to the increase
of the leaching agent solution. When the leachate outflowed
from the bottom of the leaching column, about 15 mL of the
leaching agent solution was still added into the RE ores.
Moreover, there was almost no NHI outflowing from the
RE ores at the start of the leaching process (the first stage
shown in Fig. 9). Thus, the content of NHj{ in the RE ore
increased. After all the leaching agent solution was added into
the RE ores, no NH; was detected from the outflows of the
RE ores. The content of NH; in the RE ore remained stable.
The subsequent migration trend of NH; in the RE ore was the
same as the first situation.

In the third situation, the volume of the leaching agent so-
lution was far larger than 110 mL, such as the liquid—solid ratio
0f 0.6:1 (150 mL). Different from the previous situations, there
was no balance stage like liquid—solid ratios of 0.2:1 to 0.5:1.
At a higher liquid—solid ratio (=0.6:1), a large amount of NH;,
started to outflow from the RE ores (the second stage shown in
Fig. 9) after all the leaching agent solution was added into the
RE ores. Thus, the content of NHI in the RE ores first in-
creased to a maximum value, and then decreased to a constant
value with increasing leachate volume. The above phenome-
non shown in Fig. 9 was consistent with that in Fig. 8.

As shown in Fig. 10, there was little change in the content of
the residual NH; in the RE ores at the studied liquid-solid
ratios and it remains around 0.61-0.63 mg/g. The adsorption
of NH; by clay minerals was already saturated, and it is diffi-
cult to desorb NH;; from the clay minerals by washing water
alone. Some harmless leaching agents can be used to leach the
RE ores in order to reduce the residual NH; in the RE ores and
avoid the pollution of the RE ores and the underground water.

In the leaching process, the distribution of NH, can be
divided into the following four parts: the remaining NH; in
the leachate (NH; -1), the NH; adsorbed on the clay minerals
by exchanging with RE** (NH; -2), the NH; adsorbed on the
clay minerals by exchanging with AI** (NH; -3), and the

NH; adsorbed on the clay minerals by exchanging with other
cations and physical effects (NH, -4). Except for NH; -1, the
other three portions of NH; are all left in the RE ores. In order
to further understand the consumption of NH in the leaching
process, the distribution of NH; was calculated under differ-
ent liquid—solid ratios and the results are shown in Fig. 11.

As shown in Fig. 11, the residual NHI in the RE ores
including NH; -2, NH; -3 and NH; -4 increased slowly from
8.47 mmol to 8.81 mmol with increasing liquid—solid ratio.
The liquid-solid ratio played a small role in the residual NH;
in the RE ores. The saturation adsorption of NH; by the clay
minerals was obtained at the liquid—solid ratio of 0.2:1.

With increasing liquid—solid ratio, the contents of NH; -2
and NHI -3 both increased, then remained stable after the
liquid—solid ratios of 0.4:1 and 0.5:1, respectively. The results
are consistent with that in Fig. 6 and Fig. 8. It can be inferred
that the content of the NH, adsorbed on the clay minerals by
exchanging with other cations also increased with the increase
of the liquid—solid ratio. However, the content of NHI -4
decreased and then remained stable after liquid—solid ratio of
0.5:1. This indicated the content of the NH; adsorbed on the
clay minerals by physical effects must decrease until the
liquid—solid ratio reaches 0.5:1 and then remains constant. It
is because the adsorption of NH; on the clay minerals by
physical effects is easier and faster than that by chemical ef-
fects. In the initial stage of the leaching process, a large
amount of NH; in the leaching agent was adsorbed on the
clay minerals by physical effects, the van der Waals force.
This binding force between NH;, and the clay minerals was
so weak that the NH; was easily desorbed from the clay
minerals. With the leaching proceeding, the NH; adsorbed
by the physical effects would desorb from the clay minerals
and transfer into the solution, and then reach equilibrium.

35
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Fig. 11 Distribution of NH} in the leaching process under various
liquid—solid ratios
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Thus, with increasing liquid—solid ratio, the content of NHI
adsorbed by the physical effects decreased to a constant value,
while that by the chemical effects (exchange reactions) in-
creased to a constant value. Whether it was the chemical ad-
sorption or the physical adsorption, the adsorption capacity of
the clay minerals to NH; was limited. Once the clay minerals
reached adsorption saturation, the residual NH; in the RE
ores would not increase any more. That is why the residual
NH; in the RE ores observes nearly no increase with the
increase of the liquid—solid ratio from 0.2:1 to 0.6:1.

It also can be seen in Fig. 11 that with liquid—solid ratio
increasing from 0.2:1 to 0.6:1, the content of NHI -1 in-
creased from 1.53 mmol to 21.19 mmol, and the proportion
of NHj -1 in the leaching agent solution rose from 15.30% to
70.63%. Even though the leaching work used the optimal
liquid-solid ratio of 0.4:1, 56.65% of NH; in the leaching
agent solution still remained in the leachate. In the actual
exploitation, the leachate, after the removal of impurity and
RE precipitation, can be reused by replenishing a certain
amount of fresh leaching agent. In this way, the effective uti-
lization of the leaching agent can be improved greatly, and the
consumption of the leaching agent and the cost of production
can also be obviously decreased.

4 Conclusions

For a high efficiency and low consumption exploitation, the
leaching process and mechanism of weathered crust elution-
deposited RE ores with ammonium sulfate were investigated.
The exchangeable RE and impurity ions are adsorbed on the
clay minerals that can be desorbed into the solution by NH;
through ion exchange reactions. There was no dissolution or
structural change of the ores in the leaching process, which
was proved by the SEM and FTIR analysis of raw ore and
leached tailings.

The migrations of RE**, AI**, and NH; in the leaching
process were studied under various liquid—solid ratios. The
concentration of RE and Al in the leachate increased, then
decreased to zero with the increasing volume of the leachate.
Compared to RE, the leaching mechanism of Al was the same,
but the leaching of Al was relatively difficult. The maximum
leaching efficiency of RE and Al were obtained at the liquid—
solid ratios of 0.4:1 and 0.5:1, respectively. NH; was the key
for the desorption of RE** and impurities from the clay min-
erals. At the optimal liquid—solid ratio of 0.4:1, 56.65% of
NH; was left in the leachate. After impurity removal and
RE precipitation, the leachate can be reused to leach RE ores
by replenishing fresh leaching agents, which will improve the
efficient utilization of the leaching agent.

With the increase of the liquid—solid ratio, the content of
NH; adsorbed physically on clay mineral decreased, NH;
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adsorbed by ion-exchange increased, and the content of ex-
changed RE and Al also increased until equilibrium. The ad-
sorption capacity of clay mineral with NH, always stayed at
0.61-0.63 mg/g. It was difficult for washing water to desorb
NH; from RE ores. Harmless eluent is suggested to restore
the RE ore by reducing the residual ammonium. The above
results would benefit the high efficiency and low consumption
exploitation of weathered crust elution-deposited RE ores.
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