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Abstract: A large amount of ammonium salt leaching agent will remain in the leaching site of
weathered crust elution-deposited rare earth ore (WREOs). The release of residual ammonium (RA)
will seriously affect the water system ecology of the mining area, and it is urgent to control it. In this
paper, column eluting was used to simulate the eluting process of RA in rare earth (RE) ore tailings,
and the effects of calcium chloride concentration, eluting temperature, liquid-solid ratio, eluent pH
and eluent flow rate on the eluting process of RA in rare earth ore tailings were discussed. It was
found that calcium chloride could effectively elute the RA from ore tailings. Eluting agent pH almost
had no effect on the eluting process of RA in the pH range of 4–6, and a greater impact on it at pH 8.
The flow rate could effectively enhance the elution efficiency. The optimum conditions were calcium
ion concentration of 0.1 mol/L, liquid-solid ratio of 2:1, pH 4–6, flow rate of 0.6 mL/min and elution
at room temperature. At this time, the elution efficiency of RA was 91.85%. The eluting process of RA
in ore tailings was controlled by the inner particle diffusing according to the kinetic analysis. The
reaction order was 0.368, and the activation energy of the reaction is 12.450 kJ/mol. This will provide
a theoretical basis and technical support for the efficient eluting process of residual ammonium in the
leaching site of WREOs.

Keywords: weathered crust elution-deposited rare earth ore; residual ammonium; calcium chloride;
leaching site; eluting process

1. Introduction

Rare earth elements (REEs) have unique magnetic, optical and electrical properties
due to the unusual electron shell structure of f electrons with low transition energy, which
are widely used in high-tech fields and have the reputation of “new material treasure trove”
and “industrial vitamin” [1,2]. Rare earth (RE) is considered to be a strategic material,
and the development of rare earth resources has been paid more and more attention by
many developed and industrial manufacturing countries, especially the medium and
heavy RE which are in short supply and have high market competitiveness. Weathered
crust elution-deposited rare earth ore (WREOs) is a rich mineral resource in China, which
has attracted much attention because it is rich in medium and heavy RE, and its mining
has great commercial value. WREOs are formed from original rocks such as granite and
volcanic rocks containing weatherable RE minerals under warm and humid paleoclimate
and favorable landform conditions [3]. After long-term biological, chemical and physical
weathering of granite and volcanic rocks containing weatherable rare earth minerals,
the original rocks weather to form clay minerals, while the easily weathered rare earth
minerals and accessory minerals containing rare earth dissociate by wind to form rare earth
hydrated ions or hydroxyl hydrated ions that are adsorbed on clay minerals and become
enriched [4–8]. Due to these characteristics, traditional physical beneficiation methods are
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ineffective in enriching REEs. Therefore, leaching and recovering RE by ion exchange
reaction has become an effective approach for extracting RE from WREOs [3,9–11].

When a strong electrolyte solution is added to the WREOs, the cations in the strong
electrolyte solution will react with the RE ions adsorbed on the active centers of clay
minerals such as kaolinite, illite and halloysite, and the reaction process follows the ion
exchange law. For instance, when using ammonium salt as a leaching agent, the chemical
reaction between ammonium ions and RE ions can be represented as [3]:

[Al4(Si 4O10)(OH)8]m· nRE3+
(s) + 3nNH+

4(aq) ⇌ [Al4(Si 4O10)(OH)8]m· 3n(NH+
4 )(s) + nRE3+

(aq) (1)

The WREOs have undergone three generations of leaching processes, including pool
leaching process, heap leaching process and in situ leaching process. Ammonium sulfate,
ammonium chloride, or a combination of ammonium salts are the primary leaching agents
used in the third generation of in situ leaching processes. In-situ leaching, also known as
leaching mining, is the most widely used technology for WREOs mining, which has been
continuously improved. With the continuous improvement and popularization of in-situ
leaching technology of WREOs, although it has the advantages of environmental protection
mentioned above, it also has defects that cannot be ignored, especially the problem of
pollution caused by the slow release of a large number of RA salt leaching agents after
the ore closure of the RE ore leaching site. Yang et al. [12] found that the tailings dumped
after the extraction of RE from the WREOs by solution mining will cause damage to the
topography of the mine to a certain extent, and even lead to environmental problems
such as landslides and soil erosion. Wei et al. [13] found that the residual leaching agent
in ore body would cause the ammonia nitrogen (AN) content in the groundwater and
surrounding soil in the mining area to exceed the standard after the closure of the WREOs.
During in-situ leaching using ammonium salt as the leaching agent, a significant quantity
of wastewater will be produced in the leaching area due to rain erosion and complex
geological structure of the mining area, and with increasing depth of the ore body, the
ammonium salt leaching agent and rare earth residues will gradually increase. Due to the
low grade of WREOs and complex ore body structure, the ammonium salt leaching agent
used in the in-situ leaching process is larger than that in pool leaching and heap leaching
processes. After leaching, a large amount of ammonium salt leaching agent will remain in
the ore body. After the leaching site is closed for a long time, under the action of rainwater
leaching and strong electrolyte cations in soil pores, a significant quantity of ammonium
salt remaining in the RE ore will gradually be dissociated and separated, entering the soil
and groundwater around the leaching site, causing ammonia nitrogen pollution in the
mining and surrounding areas [14]. Therefore, it is particularly important and urgent to
deal with the environmental problems caused by the slow release of RA in WREO’s tailings.
Most of the domestic treatment at this stage is terminal treatment, mainly for the treatment
of AN wastewater formed in mining areas, and there are few studies on the treatment of
RA leaching agent in RE leaching sites.

In order to solve the problem of AN residue and migration in the tailings of WREOs
leaching sites, Liu and Wang et al. [15] studied the variation of AN content in RE ores at
different depths and under different rainfall conditions. They found that the content of
AN in shallow soil gradually decreased, while the content of AN in deep soil gradually
increased with time. Liu et al. [16] used natural alkaline minerals such as zeolite, attapulgite,
and lime as soil conditioners in RE mining areas, which can effectively improve soil pH
in mining areas and reduce soil water-soluble ammonia nitrogen to a certain extent. At
the same time, the use of some plants can also effectively repair the soil in RE mining
areas. In addition to soil amendments and terminated plants, which can treat and restore
the contaminated soil in RE mining areas to a certain extent, leaching technology is also
of great help to the soil remediation in mining areas. Yang [17] simulated the leaching
process of residual ammonia nitrogen from WREOs using column leaching tests and found
that deionized water could elute most of the water-soluble ammonia nitrogen. Potassium
chloride also had a good effect on ammonium elution. At present, the ideal treatment
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method for the WREOs leaching sites is to use the liquid injection wells and liquid collection
ditches left by leaching to improve the facilities and then leach to remove the residual
ammonia nitrogen in the tailings. However, the elution rate of ammonia nitrogen in soil
with water as the eluent was not ideal. Therefore, the green and efficient chemical leaching
technology of residual ammonium salt in WREOs leaching sites needs to be further studied.
In fact, the treatment of the problem of slow release of RA salt leaching agent in RE ore
leaching site is conducive to protecting the mine environment and realizing green mining.

In this paper, calcium chloride was used as the eluting agent for RA, and the effect of
eluting agent concentration, liquid-solid ratio, eluting agent pH, eluting agent flow rate
and eluting temperature on the eluting process of RA in RE ore tailings was investigated.
The kinetic model of RA in RE ore tailings eluted by calcium chloride was established
to strengthen the eluting process of RA, so as to reveal the role of calcium ions in the
eluting of RA and the elution mechanism. It provides a theoretical basis and data that
support the development of high-efficiency elution technology for residual ammonium in
WREOs leaching sites, and effectively solves the current problems of regional ammonia
and nitrogen pollution control in WREOs mining areas.

2. Materials and Methods
2.1. Materials

The WREOs used in the test are from Longnan, Jiangxi Province. After the rare earth
ore is fully mixed, it is dried in an oven at 60–70 ◦C for 12 h. The experiment utilized
chemicals sourced from Sinopharm Chemical Reagent Co., Ltd., in Shanghai, China, which
are of analytical grade. Deionized water was used to prepare solutions.

2.2. Residual Ammonium Salt Leaching Test

Samples consisting of 150 g of dried rare earth ore were weighed and loaded into a
self-made glass chromatography column. Two layers of filter paper were spread on the
surface of the ore layer and then 225 mL of 2% ammonium sulfate solution was uniformly
added to the ore sample at a certain flow rate. The leachate was collected from the bottom
of the glass chromatography column until the RE leaching reached equilibrium, and the
simulated RE ore tailings with ammonium ions were obtained. The residual amount of
ammonium salt was calculated according to the change of ammonium ion concentration in
the solution. The tailings RA content was determined to be 1.86 ± 0.06 mg/g.

The eluent solution was added to the prepared 150 g tailings sample from the top of
the self-made glass chromatographic column with a constant flow pump at a certain flow
rate, and the leachate was collected from the bottom of the self-made glass chromatographic
column. When no liquid flowed out, the total volume of the leachate was measured and
the content of AN was analyzed.

2.3. Analytical Methods

Determination of ammonium standard curve: the concentration of RA salts in the
leachate was determined by Nessler spectrophotometry (HJ 535-2009) [18]. Volumes of
0.50 mL, 1.00 mL, 2.00 mL, 4.00 mL, 6.00 mL, 8.00 mL, and 10.00 mL of AN standard
solutions were accurately measured in 50 mL cuvettes. The corresponding AN contents
were 5.0 µg, 10.0 µg, 20.0 µg, 40.0 µg, 60.0 µg, 80.0 µg and 100 µg, and then deionized water
was added to the marking. Then, 1.0 mL of 500 g/L potassium sodium tartrate solution
was added and mixed well. Next, 1.0 mL Nessler’s reagent was added and mixed well then
allowed to stand for 10 min. Using water as a blank control, absorbance was measured
at a wavelength of 420 nm using a 10 mm cuvette. A standard curve was made using the
absorbance corrected on the vertical axis and the AN content (µg) corresponding to the
horizontal axis.

Determination of the sample: an appropriate amount of leaching liquid sample was
accurately removed, the absorbance of the solution was measured using ultraviolet spec-
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trophotometry following the above steps, and the ammonium ions concentration in the
sample liquid was calculated by standard curve.

3. Results
3.1. Effect of Calcium Concentration on the Eluting Process of RA

Under our conditions, the flow rate of the eluting agent was 0.6 mL/min, the eluting
temperature was 25 ◦C and the initial pH was 5.5–6.5. The concentration of the eluting
agent, calcium chloride, was changed and the effect of the eluting agent calcium salt
concentration on the eluting kinetics of the RA in the RE ore tailings was measured. The
results are shown in Figure 1.
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Figure 1. Effect of calcium ion concentration on the kinetics curves of RA.

It can be seen from the figure that the elution efficiency of RA increases rapidly with
time until it remains in equilibrium after the maximum value. With the increase of calcium
ion concentration in the eluting agent, the eluting rate of RA increases gradually, and the
time required for the elution efficiency of RA to reach equilibrium is gradually shortened.
This is because the higher the concentration of calcium ions in the eluting agent, the greater
the driving force provided by the concentration gradient formed between the flow layer of
eluting agent solution and the surface of mineral particles [19], and the easier the positive
reaction between calcium ions and RA on the surface of rare earth ore tailing particles, and
so the faster the elution rate.

3.2. Effect of Temperature on the Eluting Process of RA

When the concentration of calcium ions in the eluting agent was 0.1 mol/L, the flow
rate of the eluting agent was 0.6 mL/min, and the initial pH was 5.5–6.5, the eluting
temperature was changed, and the effect of the eluting temperature on the eluting kinetics
of the RA in the RE ore tailings was measured. The results are shown in Figure 2.

It can be seen from the figure that the elution efficiency of the RA salt increases rapidly
with the increase of time until it reaches the maximum value and remains balanced. With
the increase of temperature, the eluting rate of the RA gradually increases. The increase
of temperature can provide greater energy and driving force to the reaction system to
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overcome the repulsive force before the formation of new bonds between calcium ions
and clay minerals and the attractive force before the old bond between the RA salt and the
clay mineral is broken during the ion exchange reaction [20]. This effectively strengthens
the reaction rate between calcium ions and RA. It can be seen that high temperature is
conducive to the elution and removal of RA in RE ore tailings.
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Figure 2. Effect of temperature on the kinetics curves of RA.

3.3. Effect of Liquid-Solid Ratio on the Elution Efficiency of RA

When the flow rate of the eluting agent was 0.6 mL/min, the eluting temperature was
25 ◦C, the concentration of calcium ions in the eluting agent was 0.1 mol/L and the initial
pH was 5.5–6.5, the liquid-solid ratio was changed to measure the effect of the liquid-solid
ratio on the RA elution efficiency in RE ore tailings when calcium chloride was used as the
eluting agent. The results are shown in Figure 3.

It can be seen from Figure 3 that the elution efficiency of RA in RE ore tailings increases
rapidly with the increase of liquid-solid ratio, and then slowly increases until it balances.
Liquid-solid ratio is a very important factor for the liquid-solid reaction system. The
increase in liquid-solid ratio affords mineral particles more contact opportunities with
calcium ions in the eluting agent, and the reaction will be more efficient, thereby increasing
the elution efficiency of RA. Because the difference in the RA elution efficiency is small
when the liquid-solid ratio is large, and wastage of resources occurs with an excessive
liquid-solid ratio, the liquid-solid ratio of 2:1 mL/g can be selected as the optimal condition
for the eluting of RA in RE ore tailings. At this time, the elution efficiency of RA is 91.85%.

3.4. Effect of Flow Rate on the Eluting Process of RA

When the eluting agent calcium ion concentration was 0.1 mol/L, the eluting tem-
perature was 25 ◦C and the initial pH was 5.5–6.5, the flow rate of the eluting agent was
changed, and the effect of the eluting agent flow rate on the eluting kinetics of the RA in
the RE ore tailings was measured when calcium chloride was used as the eluting agent for
the RA. The results are shown in Figure 4.
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Figure 4. Effect of the flow rate on the kinetics curves of RA.

It can be seen from Figure 4 that with time, the elution efficiency of RA increases
rapidly until it reaches the maximum value and remains balanced. The eluting rate of RA
increases as the flow rate of the eluting agent increases. Increase of the eluting agent flow
rate will significantly accelerate the downward seepage rate of the solution in the ore body,
which also accelerates the downward migration rate of the RA entering the eluting agent
solution [20]. The reverse adsorption phenomenon is restrained by the migration rate to a
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certain extent, and the rate of the RA flowing out of the ore body is gradually accelerated
with the increase of the flow rate, so the eluting rate of the RA increases.

3.5. Effect of Solution pH on the Eluting Process of RA

Under the conditions of 0.1 mol/L, 25 ◦C and 0.6 mL/min, the pH of the eluent was
changed to investigate the effect of calcium chloride on the elution kinetics of the RA
in RE ore tailings when calcium chloride was used as the eluent. The results are shown
in Figure 5.

Minerals 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 

It can be seen from Figure 4 that with time, the elution efficiency of RA increases 

rapidly until it reaches the maximum value and remains balanced. The eluting rate of RA 

increases as the flow rate of the eluting agent increases. Increase of the eluting agent flow 

rate will significantly accelerate the downward seepage rate of the solution in the ore 

body, which also accelerates the downward migration rate of the RA entering the eluting 

agent solution [20]. The reverse adsorption phenomenon is restrained by the migration 

rate to a certain extent, and the rate of the RA flowing out of the ore body is gradually 

accelerated with the increase of the flow rate, so the eluting rate of the RA increases. 

3.5. Effect of Solution pH on the Eluting Process of RA 

Under the conditions of 0.1 mol/L, 25 °C and 0.6 mL/min, the pH of the eluent was 

changed to investigate the effect of calcium chloride on the elution kinetics of the RA in 

RE ore tailings when calcium chloride was used as the eluent. The results are shown in 

Figure 5. 

As can be seen from Figure 5, when the pH of the calcium salt eluent is in the range 

of 2–6, the elution efficiency of residual ammonium increases with the increase of the el-

uent solution pH, but the kinetic curve of the residual ammonium is not significantly dif-

ferent. When the eluent solution has a pH value of 8, it can be seen that the eluting rate 

and elution efficiency of RA are significantly reduced, indicating that the alkaline envi-

ronment is not conducive to the elution of RA from RE ore tailings. This may be due to 

the formation of new adsorption sites, which to a certain extent, also contributes to the 

adsorption of ammonium on clay minerals. The condition of high pH is conducive to the 

formation of hydrated ammonium molecules, which are easily adsorbed to the solid sur-

face in molecular form. This is not conducive to the eluting process. Because the initial pH 

of calcium chloride is generally between 5.5 and 6.5, the pH of the eluent cannot be ad-

justed during the eluting operation of RA in the RE ore leaching site. 

 

Figure 5. Effect of the eluting agent’s pH on the kinetics curves of RA. 

3.6. Effect of Calcium Chloride on the Eluting Mass Transfer Process of RA 

3.6.1. Effect of Calcium Chloride Concentration 

When temperature was 25 °C, eluent flow rate was 0.6 mL/min and the initial pH was 

5.5–6.5, the effect of calcium chloride concentration on the eluting mass transfer process 

0 100 200 300 400 500 600 700 800 900

0

20

40

60

80

100

 

 

E
lu

ti
o
n
 e

ff
ic

ie
n
cy

 o
f 

re
si

d
u
al

 a
m

m
o
n
iu

m
/%

t/min

 pH=2

 pH=4

 pH=6

 pH=8

Figure 5. Effect of the eluting agent’s pH on the kinetics curves of RA.

As can be seen from Figure 5, when the pH of the calcium salt eluent is in the range
of 2–6, the elution efficiency of residual ammonium increases with the increase of the
eluent solution pH, but the kinetic curve of the residual ammonium is not significantly
different. When the eluent solution has a pH value of 8, it can be seen that the eluting
rate and elution efficiency of RA are significantly reduced, indicating that the alkaline
environment is not conducive to the elution of RA from RE ore tailings. This may be due
to the formation of new adsorption sites, which to a certain extent, also contributes to the
adsorption of ammonium on clay minerals. The condition of high pH is conducive to the
formation of hydrated ammonium molecules, which are easily adsorbed to the solid surface
in molecular form. This is not conducive to the eluting process. Because the initial pH of
calcium chloride is generally between 5.5 and 6.5, the pH of the eluent cannot be adjusted
during the eluting operation of RA in the RE ore leaching site.

3.6. Effect of Calcium Chloride on the Eluting Mass Transfer Process of RA
3.6.1. Effect of Calcium Chloride Concentration

When temperature was 25 ◦C, eluent flow rate was 0.6 mL/min and the initial pH was
5.5–6.5, the effect of calcium chloride concentration on the eluting mass transfer process of
RA in RE ore tailings was investigated by changing the eluent concentration when calcium
chloride was used as the eluent for RA. The results are shown in Figure 6.

It can be seen from Figure 6 that in the initial stage, with increase of calcium ion
concentration in the eluent, the ammonium ion concentration in the eluent increases slightly,
which may be caused by the concentration difference formed by the reaction of calcium
ions and small-scale diffusion. In the stage when the ammonium ion concentration in the
leachate decreased sharply, the ammonium ion concentration in the leachate increased
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as the calcium ion concentration in the eluent increased. This is because the higher the
calcium ion concentration in the eluent, the more intense the reaction with the RA in
the RE ore tailings, and the higher the concentration of ammonium ions in the leachate.
At concentrations of 0.10, 0.15 and 0.20 mol/L, the ammonium ion concentration in the
leachate at the final stage was 12.83 mg/L, 7.57 mg/L and 8.08 mg/L, respectively. These
levels meet the pollution emission standard limit for the rare earth industry (15 mg/L).
Thus, the use of calcium chloride can efficiently remove the remaining ammonium in the
tailings and lower the potential for slow-release pollution of AN.
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3.6.2. Effect of Temperature

When the calcium ion concentration of the eluent was 0.1 mol/L, the eluent flow rate
was 0.6 mL/min and the initial pH was 5.5–6.5, the effect of the elution temperature on the
mass transfer process of RA in the RE ore tailings was investigated when calcium chloride
was used as the eluent. The results are shown in Figure 7.
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It can be seen that with the increase of temperature, the concentration of ammonium
ion in the leachate increases slightly at the initial stage, and with the continuous outflow of
leachate, there is a sharp decline in the concentration of ammonium ions in the leachate,
and the degree of decrease gradually steepens. This may be because the reaction activity of
each ion and the seepage and diffusion ability of the solution are gradually enhanced as
the eluting temperature increased. The reaction between ions is more intense, and so the
higher the temperature, the higher the elution efficiency of RA.

3.6.3. Effect of Flow Rate

When the concentration of calcium ions in the eluting agent was 0.1 mol/L, the eluting
temperature was 25 ◦C and the initial pH was 5.5–6.5, the flow rate of the eluting agent was
changed, and the effect of the flow rate of the eluting agent on the eluting mass transfer
process of the RA in the RE ore tailings was investigated when calcium chloride was used
as the eluting agent of the RA. The results are shown in Figure 8.
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It can be seen from Figure 8 that with the increase of flow rate of the eluting agent, the
rapid decline of the RA elution process gradually increases at the stage of the sharp decline
in the concentration of ammonium ions in the eluting solution indicating that the eluting
rate of the RA salt gradually increases as the flow rate increases. Because the solution’s
longitudinal diffusion rate is accelerated when the eluting agent flow rate is accelerated,
the rate of RA entering the flow layer solution from the ore body will also be accelerate.
Thus, the eluting rate of residual ammonium is gradually accelerated.

3.6.4. Effect of Solution pH

When the concentration of calcium ions in the eluting agent was 0.1 mol/L, the eluting
temperature was 25 ◦C and the flow rate of the eluting agent was 0.6 mL/min, the effect
of the solution pH on the eluting process of RA in RE ore tailings was investigated when
calcium chloride was used as the eluent for RA. The results are shown in Figure 9. It can be
seen from Figure 9 that when the eluent’s pH is low, the concentration of ammonium ions
in the leachate is slightly higher. The concentration of ammonium ions in the leachate in
the second stage decreases more sharply, indicating that the eluting efficiency of residual
ammonium is slightly higher when the pH of the eluent is low. This may be due to the fact
that when the pH is low, the ionized hydrogen ions in the eluent cooperate with the calcium
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ions in the eluent to exchange the residual ammonium adsorbed on the clay minerals. As
well, the high exchange capacity of hydrogen ions can prevent the ammonium ions from
entering the eluent solution and from being adsorbed by the clay minerals again, leading
to a slightly increased ammonium ion concentration.
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It can also be seen from Figure 9 that the pH value of the leachate decreases with
the increase of the leachate amount, then decreases sharply to a very low level with the
ammonium ion concentration, and then increases slowly and fluctuates to an equilibrium
value. At the same time, when the pH value of the eluent is in the range of 4–6, the final pH
value of the eluent is stable between 5.5–6.0, and the final stable pH value increases with
the increase of the pH value, which indicates that the RE ore has a certain buffer capacity.
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When the eluent’s pH value is 2, the pH value of the eluent drops sharply in the later stage
with a slow rise. Because the buffer capacity of clay minerals in RE ore is limited, when the
pH of eluent is too low, the buffering capacity of clay minerals will be destroyed over time
and so the pH will drop sharply. Therefore, the optimum pH of calcium salt eluent was 4–6.

3.7. Eluting Dynamics Analysis of Concentration

The reaction between the eluting agent calcium salt solution and the RA in RE ore
tailings is a typical liquid-solid heterogeneous reaction, which can be expressed as follows:

[Al4(Si4O10)(OH)8]m· 2n
[
NH+

4
]
(s) + nCa2+

(aq) ⇌ [Al4(Si4O10)(OH)8]m· n
[
Ca2+

]
(s)

+ 2n
[
NH+

4
]
(aq) (2)

The eluting process is mainly composed of two stages: the rapid eluting stage and the
equilibrium stage. From the kinetic curve of eluting residual ammonium with calcium salts,
it can be seen that the rapid eluting stage is the key control stage in the eluting process
of residual ammonium, and the shrinking unreacted core model can be used to describe
the process. According to the shrinking unreacted core model, the data in Figure 1 can
be fitted by four kinetic control models [21,22]: chemical reaction, outer diffusion, inner
diffusion and mixing control. It is found that only 1 − 2α/3 − (1 − α)2/3 has a good linear
relationship with t, and the fitting coefficient R2 is the highest, both greater than 0.960. The
apparent rate constant and fitting coefficient are shown in Table 1. This indicates that the
inner diffusion-controlled kinetic equation can best fit the eluting process of RA in calcium
salt eluting WREOs tailings, and the elution process of RA in RE ore tailings is controlled
by the inner diffusion steps of particles.

Table 1. The k values and correlation coefficient values of inner diffusion.

Calcium Concentration (mol/L) k (min−1) R2

0.008 0.000105 0.971
0.01 0.000133 0.971
0.02 0.000156 0.965
0.06 0.000211 0.990
0.10 0.000266 0.981
0.15 0.000347 0.969
0.20 0.000376 0.995

According to the kinetic equation of internal diffusion, it can be expressed as a
concentration-dependent expression [23,24], as follows:

1 − 2
3

α − (1 − α)
2
3 = k1Cn

0 t (3)

Combined with the inner diffusion kinetic equation, it observes the following relationship:

k = k1Cn
0 (4)

or
lnk = nlnC0 + lnk1 (5)

where, k1 is the pre-exponential factor; n is the empirical reaction order and C0 (mol/L) is
the initial calcium ion concentration of the eluting agent.

Substituting the apparent rate constant k in Table 1 and its corresponding initial
calcium ion concentration of the eluent into Equation (5), the results are shown in Figure 10.
It can be seen from Figure 10 that there is a linear relationship between lnk and lnC0, and
the fitting coefficient R2 is greater than 0.960, which further verifies that the reaction process
of eluting RA from RE ore tailings by calcium salt is controlled by inner diffusion. From
the slope of the fitted straight line, the empirical reaction order n of the RA eluting process
with respect to the calcium salt concentration is 0.368. The value of the pre-exponential
factor k1 of the RA eluted by calcium chloride can be calculated from the data of the fitting
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straight line, which is 0.000655. Therefore, the kinetic equation of calcium ion concentration
in the eluting process of RA by calcium chloride can be obtained:

1 − 2
3

α − (1 − α)2/3 = 0.000655C0.368
0 t (6)
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3.8. Reaction Activation Energy Analysis of Eluting Temperature

The data in Figure 2 were substituted into the four kinetic control models, and it
was found that only 1 − 2α/3 − (1 − α)2/3 has a good linear relationship with t, and the
fitting coefficient R2 is the highest, both greater than 0.970. The apparent rate constant and
fitting coefficient are shown in Table 2. This shows that the inner diffusion control kinetic
equation can best fit the eluting process of RA in RE ore tailings with calcium chloride,
and the eluting process of RA in RE ore tailings is controlled by the inner diffusion steps
of particles.

Table 2. The k values and correlation coefficient values of inner diffusion.

Temperature (K) k (min−1) R2

293 0.000291 0.995
303 0.000346 0.984
313 0.000393 0.992
323 0.000473 0.971

According to the Arrhenius equation, the apparent rate constant k can be expressed
as [24,25]:

k = Ae−
E

RT (7)

or
lnk = lnA − E

RT
(8)

where, k is the apparent rate constant, min−1; A is the pre-factor; R is the ideal gas constant;
T is the eluting temperature, K and E is the apparent activation energy, kJ/mol.

Combining the Arrhenius Equations (7) and (8), a plot of lnk versus 1/T was made
from the apparent rate constants obtained in Table 2, as shown in Figure 11. Figure 11
illustrates a strong linear correlation between lnk and 1/T, with a fitting coefficient R2
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exceeding 0.990. The activation energy for the elution of RA by calcium chloride was
determined to be 12.450 kJ/mol from the slope of the fitting line.
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Meanwhile, the inner diffusion kinetic equation with respect to temperature and
concentration can be expressed as:

1 − 2
3

α − (1 − α)
2
3 = k

′
Cn

0 e−
E

RT t (9)

of which
k1 = k

′
e−

E
RT (10)

k1 can be calculated from the data fitted in Figure 11, and then the corresponding
activation energy and the experimental temperature can be taken into Formula (10) to
obtain the pre-index factor k’, so that the kinetic equation of calcium chloride eluting RA
can be obtained:

1 − 2
3

α − (1 − α)
2
3 = 0.0996C0.368

0 e−
12450

RT t (11)

The above empirical kinetic equations can help optimize the eluting process of RA in
the WREOs leaching site with calcium salts, and provide some theoretical guidance for the
treatment of AN pollution in the WREOs leaching site.

4. Conclusions

In this paper, column eluting was used to simulate the eluting process of RA in
WREOs tailings. The effects of eluent concentration, liquid-solid ratio, eluent pH, eluent
flow rate and eluting temperature on the eluting process of RA in rare earth ore tailings
were investigated when calcium chloride was used as an eluent. The optimum conditions
for calcium chloride eluting RA in RE ore tailings are as follows: the concentration of
calcium ions is 0.1 mol/L, the ratio of liquid to solid is 2:1, the pH of calcium salt solution
is 4–6, the flow rate of calcium salt solution is 0.6 mL/min and the eluting temperature is
room temperature. Under the optimum conditions, the elution efficiency of RA is 91.85%.

The higher the concentration of calcium ions in the eluent, the greater the concentration
gradient of calcium ions between the surface of mineral particles and the flowing layer
of eluent, the stronger and more efficient the ion exchange reaction between calcium ions
and RA, and the higher the eluting rate of RA. With the increase of eluting temperature,
the number of activated reaction molecules increases, the thermal motion of ions involved
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in the reaction is significantly accelerated, the diffusion rate of activated calcium ions in
the solution flow layer to ore particles and the diffusion rate of ammonium ions displaced
from the ore particles surface to the solution flow layer increases, the time required to
reach elution equilibrium gradually shortens, and the eluting rate of RA salts increases.
Alkaline conditions are not conducive to the removal of RA from RE ore tailings by calcium
salt elution, while weakly acidic conditions are conducive to the removal of RA from RE
ore tailings. As the eluent flow rate increases, the vertical diffusion rate of the solution is
significantly accelerated, the reverse adsorption phenomenon of the RA eluted from the
solution is alleviated to a certain extent, and the RA elution rate is gradually increased.
When the flow rate of eluent is too fast, calcium ions cannot fully come into contact with
mineral particles, which is not conducive to the elution of RA. The kinetic study shows
that the eluting process of residual ammonium by calcium salt is controlled by internal
diffusion kinetics, and the inner diffusion kinetics equation containing temperature and
calcium ion concentration is established:

1 − 2
3

α − (1 − α)
2
3 = 0.0996C0.368

0 e−
12450

RT t.
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