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Abstract: Due to the restrictions of strong acids in some regions, the reuse process of rare earth (RE)
precipitation mother liquor is difficult to carry out. To achieve the straightforward and efficient
reuse of precipitation mother liquor in such areas, the potential for directly reusing this liquor for
rare earth (RE) leaching was explored. The results showed that when the RE concentration in the
leachate ranged from 0.1 to 1.5 g/dm and the RE precipitation rate exceeded 96%, the residual total
carbonate content in precipitation mother liquor was less than 0.01 mol/L, and the solution pH was
7-8. Furthermore, when the total carbonate content in leaching liquor was lower than 0.01 mol/L,
the presence of carbonate had a minimal impact on the RE leaching efficiency, which was observed to
exceed 93%. Additionally, the process of mother liquor leaching was analyzed using dynamic models
and chromatography tray theory. It was found that the leaching results were well fitted with the
shrinking core model, and the apparent activation energy of RE was 5.77 k] /mol, indicating that the
reaction was controlled by diffusion, and the reaction order was 0.672 for RE. This confirms that a
total carbonate content below 0.01 mol/L in the precipitation mother liquor can be directly used for
the RE leaching process.

Keywords: weathered crust elution-deposited rare earth ore; reuse; RE carbonate precipitation;
mother liquor

1. Introduction

The weathered crust elution-deposited rare earth (RE) ore is rich in medium and heavy
rare earth, which is an important source of mid-heavy RE in the world [1-3]. The RE
present in the ore is primarily adsorbed onto clay minerals in the form of hydrated ions or
hydroxylated hydrated ions. These elements can be effectively leached using ammonium
salts through an ion exchange method [4-7]. The RE leaching technology encompasses
several methods, including the pool leaching process, heap leaching process, and in situ
leaching process [8,9]. Among them, the in situ leaching process is widely applied in actual
mining since it is more beneficial to environmental protection [10]. In the in situ leaching
process, the RE leachate can be collected when ammonium salt is injected into the ore
body as the leaching liquor. After that, the RE in the leachate can be recovered by using
ammonium bicarbonate as a precipitator [11,12].

The RE carbonate precipitation process is to use ammonium bicarbonate instead of
oxalic acid to precipitate and enrich rare earth elements in the leaching mother liquor [13].
When ammonium bicarbonate is used to precipitate rare earths, the precipitant is cheap
and easy to obtain. Its solubility product is smaller than that of RE oxalate, making it easier
to precipitate. The precipitation rate of rare earths is high. In addition, ammonium bicar-
bonate is non-toxic, has little environmental pollution, and has great industrial application
prospects. In recent years, with the development and widespread application of in situ
leaching, rich ores have been rapidly prioritized for mining and utilization. The grade of
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rare earths in the raw ore currently being mined has gradually decreased year by year, and
the peak concentration of rare earths in the collected leachate is very low. In addition, there
is a serious tailing phenomenon in the rare earth leaching process. The concentration of
rare earths in the obtained leach solution is very low, which greatly increases the amount
of ammonium bicarbonate consumed when precipitating rare earths [14,15]. Luo Xianping
et al. [16] conducted a systematic study on the relationship between the precipitation and
crystallization process of rare earth carbonate and the acidity of equilibrium solutions,
and obtained easily filtered crystalline rare earth carbonate by adding seeds or surfactants
during the precipitation process. Yu Qinghua et al. [17] investigated the influencing factors
of the rare earth precipitation process using ammonium bicarbonate. By analyzing the
crystal forms of rare earth carbonate formed under different conditions, they found that
good rare earth carbonate crystallization can be obtained under appropriate rare earth
concentration, ammonium bicarbonate dosage, stirring time, and aging time conditions.
The RE carbonate precipitation mother liquor contains excessive ammonium salt and am-
monium bicarbonate. The residual ammonium bicarbonate in the mother liquor is usually
removed by hydrochloric acid or sulfuric acid, and then a certain amount of ammonium salt
is added to the mother liquor to make the ammonium ion concentration meet the required
content for leaching, and then reused in the RE leaching process [10,14]. However, due to
restrictions on the use of strong acids in some areas, the reuse process of the precipitation
mother liquor cannot be carried out. If the precipitation mother liquor is directly discharged,
it will cause ammonia nitrogen wastewater pollution and damage the environment. In
addition, if the precipitation mother liquor is not reused, the remaining ammonium in the
precipitation mother liquor cannot be utilized, which will increase the consumption of the
leaching agent, resulting in high operating costs. Reasonably solving the problem of re-
generation and recycling of mother liquor after rare earth precipitation cannot only reduce
pollution emissions and environmental impact but also save the amount of ammonium salt
used, which is the key to controlling consumption and reducing costs [14]. Therefore, the
reuse of the mother liquor of RE carbonate precipitation has important environmental and
economic significance.

In order to realize the simple and efficient utilization of the precipitation mother liquor
in these areas, the direct reuse of the precipitated mother liquor in the RE leaching process
can be considered. However, when the precipitation mother liquor is directly reused for the
RE leaching process, the residual ammonium bicarbonate in the precipitated mother liquor,
especially the higher concentration of ammonium bicarbonate, may form RE carbonate
precipitation with the leached RE ions, which will seriously affect the RE leaching efficiency.

To reduce the influence of residual ammonium bicarbonate on the RE leaching process
and realize the direct reuse of the precipitation mother liquor, the dosage of ammonium
bicarbonate in the precipitation process should be minimized under the premise of a high
RE precipitation rate, thereby reducing the residual carbonate in the precipitation mother
liquor. At the same time, the content of residual ammonium bicarbonate in the precipita-
tion mother liquor that affects the RE leaching process should be studied. Therefore, this
paper studied the RE carbonate precipitation process and the RE leaching process under
ammonium bicarbonate conditions, so as to optimize the precipitation reuse process. In
addition, the shrinking unreacted core model and the chromatography tray theory were
used to analyze the RE leaching process using ammonium sulfate leaching solution con-
taining carbonate ions. This research can enable the direct reuse of rare earth precipitation
mother liquor in areas where strong acids are prohibited, optimize reuse processes, reduce
production costs, and maximize the comprehensive utilization of resources and production
benefits. It will provide theoretical and technical support for the control of ammonia
nitrogen pollution in RE mining areas where strong acids are restricted.
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2. Materials and Methods
2.1. Materials

The RE ore samples used in this study were collected from southern Yunnan, China.
The main chemical composition of the RE ores was analyzed by X-ray fluorescence, and
the results are listed in Table 1. From Table 1, the RE ore contains 0.09 wt.% REO,
32.18 wt.% Al,O3, and 56.52 wt.% SiO,. It indicates that the RE ore is mainly composed of
quartz and clay minerals of aluminosilicate. In addition, the RE leachate of the mine was
used in the RE precipitation process and the precipitation mother liquor reuse process.

Table 1. Main chemical compositions of the RE ores (wt.%).

Component Content
REO 0.09
Al,O3 32.18
MnO, 0.08
ZnO 0.01
MgO 0.01
K,O 5.41
5i0O, 56.52
TiO, 0.73
Fe203 4.92
Rb,O 0.01
SrO 0.02
ZrO, 0.02

All chemicals used in this experiment were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) with analytical grade. All the solutions were prepared
with deionized distilled water.

2.2. Precipitation and Column Leaching Experiments

The precipitation experiment was carried out in a 500 mL beaker. First, 200 mL of the
RE leachate was placed in the beaker, and a certain dosage of ammonium bicarbonate was
added under constant stirring. After standing for 2 h, the solution was filtered through a
0.22 pum filter membrane. The RE content, pH, and total carbonate content in the mother
liquor were measured. The experiments were carried out at an ambient temperature of
20+ 2°C.

In the column leaching experiment, the glass column with a sand core filter plate at
the bottom and the inner diameter of 50 mm was used as the apparatus. The RE ore sample
was mixed uniformly and dried at 70 °C for 8 h before conducting leaching experiments
on the column [18]. Subsequently, 250 g of dried RE ore packed into the column and
two pieces of filter papers were put on the upper of the ore samples, and then 250 mL of
leaching liquor was added from the top of the column at a constant flow rate by a peristaltic
pump. A schematic diagram of the experimental apparatus is shown in Figure 1. The X-ray
diffraction analysis results of the ore sample are shown in Figure 2. As shown in the figure,
the ore is mainly composed of minerals such as quartz, feldspar, kaolinite, and illite. The
leachate was collected at the bottom of the glass column. The pH and RE content of the
leachate were analyzed. The experiments were carried out at an ambient temperature of
20+£2°C.
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Figure 1. Schematic diagram of experimental apparatus.
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Figure 2. XRD diffraction pattern of the RE ore.

2.3. Analytical Methods

The RE content in the solution was determined by the ethylenediaminetetraacetic acid
(EDTA) titration method using xylenol orange as an indicator [19]. The total carbonate
content in the solution was determined by acid—-base titration [20]. The ammonium ion in
the solution was measured by an ammonium gas sensor (PNH3-1-01) [21]. The pH of the
solution was measured with a pH meter (DELTA320). The RE precipitation rate (x) and RE
leaching efficiency () were calculated according to the following equations:

Co—C

®= T x 100% @)
€1

v = — x100% 2
€0

where Cy and C; were the RE contents before and after the precipitation process, respec-
tively. €1 was the total content of RE in the leachate, and &y was the total content of
ion-exchangeable RE in the original ore sample.

3. Results
3.1. RE Carbonate Precipitation Process

In the RE carbonate precipitation process, the dosage of ammonium bicarbonate is
an important factor affecting the RE precipitation rate. When the dosage of ammonium
bicarbonate is small, the RE cannot be completely precipitated, resulting in a low RE re-
covery rate. However, an excessive amount of ammonium bicarbonate can result in a
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higher RE precipitation rate, but will increase the residual total carbonate content in the
precipitation mother liquor, which may cause the formation of RE carbonate precipitation
during the mother liquor reuse process, thereby reducing the RE leaching rate. Therefore,
the dosage of ammonium bicarbonate in the RE precipitation process was investigated. In
addition, the concentration of RE in the leachate will also affect the ammonium bicarbonate
dosage during the precipitation process. The weathered crust elution-deposited RE is a
clay mineral with a complex chemical composition and low RE content. Due to differences
in leaching operating conditions and the chemical composition of RE minerals, the concen-
tration of RE in the leachate varies. The minimum concentration of RE in the leachate can
reach 0.1 g/ dm?3, while in some areas, the concentration of RE in the leachate is as high
as 1.5 g/dm? [22]. Therefore, the precipitation process of the leachate with different RE
concentrations was studied.

The effect of the dosage of ammonium bicarbonate on the RE precipitation rate, pH,
and residual total carbonate content is shown in Figure 3. The dosage of ammonium
bicarbonate in the precipitation process can be expressed by the molar ratio of ammonium
bicarbonate and RE. The theoretical molar ratio of the reaction between ammonium bicar-
bonate and RE is 1.5:1. However, to obtain a higher RE precipitation rate, the amount of
ammonium bicarbonate is often higher than the theoretical amount in the actual production
process. As can be seen from Figure 3, the ammonium bicarbonate dosages required for
different RE concentrations were higher than the theoretical amount of 1.5:1. As the amount
of ammonium bicarbonate increased, the RE precipitation rate gradually increased and
then tended to plateau. The pH of the solution and the content of residual total carbonate
gradually increased. When the concentration of RE in the leachate was 0.1-1.5 g/dm? and
the RE precipitation rate was higher than 96% as it reached equilibrium, the residual total
carbonate content in the precipitated mother liquor was lower than 0.01 mol/L, and the
pH value of the mother liquor was 7-8.
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Figure 3. Effect of the dosage of ammonium bicarbonate on RE precipitation rate (W), residual total car-
bonate content (A), and pH (e) (RE concentration: (a) 0.118 g/ dm?, (b) 0.227 g/ dm?, () 0.441 g/ dm?,
(d) 0.676 g/dm3, (e) 0.965 g/dmS3, (f) 1.470 g/dm?3).

As illustrated in Figure 3, the RE concentration in the leachate can affect the amount
of ammonium bicarbonate, thus affecting the residual total carbonate content in the pre-
cipitated mother liquor. In order to facilitate the analysis of the relationship between the
RE concentration and the quantity of ammonium bicarbonate involved in the process, the
amount of ammonium bicarbonate was analyzed when the RE precipitation rate reached
equilibrium, and the RE precipitation rate in the leachate with different RE concentrations
was compared when the dosage of ammonium bicarbonate was 4:1. The outcomes are
presented in Figure 4. It is evident from Figure 4 that less ammonium bicarbonate was
required for the precipitation of RE with higher RE concentration in the leachate. From
Figure 4, it is evident that the precipitation rate of RE escalated as the concentration of RE
in the leachate increased. This phenomenon indicates that higher RE concentration in the
leachate requires less ammonium bicarbonate to precipitate RE. Therefore, the quantity
of ammonium bicarbonate utilized should be optimized based on the concentration of
RE in the leachate. This optimization aims to enhance the precipitation rate of RE while
minimizing the residual total carbonate content, which may be beneficial to the subsequent
reuse process of the precipitation mother liquor.
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Figure 4. Effect of RE concentration on ammonium bicarbonate dosage when RE precipitation rate
reached equilibrium and RE precipitation rate in the process of recovering rare earth from leachate
(molar ratio of ammonium bicarbonate was 4:1).
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3.2. Reuse of RE Carbonate Precipitation Mother Liquor for RE Leaching
3.2.1. Effect of Total Carbonate Content on RE Leaching Process

To study the effect of the total carbonate content in the mother liquor on the RE
leaching process, an ammonium sulfate solution mixed with a certain amount of ammo-
nium bicarbonate was used as the leaching liquor for RE leaching, the ammonium ion
concentration in the leaching liquor was the same as that in the 2% ammonium sulfate
solution, and the total carbonate content in the solution varied from 0 to 0.05 mol/L. The
results depicted in Figure 5 indicate that when the content of ammonium bicarbonate in the
leaching liquor fell below 0.01 mol/L, the RE leaching efficiency was equal to that when
leaching with 2% ammonium sulfate. This result indicates that the presence of a certain
amount of total carbonate has little effect on the RE leaching efficiency. Then, with the
increase in the total carbonate content, the RE leaching efficiency gradually decreased. An
excessive concentration of ammonium bicarbonate could affect the RE leaching efficiency
during the leaching process. It can be also seen that when the total carbonate content was
less than 0.01 mol/L, the pH of the leachate was basically unchanged. And then with the
increasing in the total carbonate content, the pH gradually increased. This may be because
clay minerals have certain acid-base buffering properties [23-25]. The acidity and alkalinity
of the solution are determined by the buffering properties of clay minerals within a small
range. During the leaching process, when the content of ammonium bicarbonate in the
leaching agent solution is low, the pH of the leaching solution can be maintained stable at
4-5 within the buffering capacity range of clay minerals. When the content of ammonium
bicarbonate in the leaching solution is high, the buffering capacity of clay minerals may
be disrupted by excessive acid-base groups, resulting in a gradual increase in the pH of
the leachate. It can be inferred that the precipitation mother liquor with a total carbonate
content lower than 0.01 mol/L can be directly reused for the RE leaching process.
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Figure 5. Effect of total carbonate content on RE leaching efficiency and pH of the leachate.

3.2.2. The Leaching Effect of the Precipitation Mother Liquor

To verify that the presence of a certain carbonate content in the precipitation mother
liquor will not affect the reuse process, the precipitation mother liquor with the residual
total carbonate content obtained below 0.01 mol/L was directly used in the RE leaching
process after adjusting the ammonium ion concentration (the same as 2% ammonium
sulfate). The results presented in Figure 6 indicate that the RE leaching efficiency obtained
by utilizing the precipitation mother liquor as the leaching solution was almost equal to
2% ammonium sulfate, higher than 96%, and the pH of the leachate varied between 4 and
5. The collected leachate was clear and no precipitation occurred. This finding confirms



Minerals 2024, 14, 1179

8 of 18

the viability of directly reusing the RE carbonate precipitation mother liquor in the RE
leaching process.

10
100 |- ]
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50 | 84 —
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Figure 6. RE leaching efficiency and pH of leachate of different leaching solutions: #1 was 2%
ammonium sulfate, #2—#7, respectively, represented the precipitation mother liquor in Figure 3a—f.

3.3. Possible Reaction Between the Residual Ammonium Bicarbonate and RE in the
Leaching Process

In order to explain why the presence of a certain amount of residual precipitation
agent in the mother liquor could not affect the RE leaching process, the existence of carbonic
acid in the solution and the possible RE precipitation reaction during the leaching process
were analyzed.

3.3.1. ¢-pH of Ammonium Bicarbonate in the Aqueous Solution

Ammonium bicarbonate is an amphoteric substance, and there is an equilibrium of
ionization and hydrolysis in the solution:

NH,HCO; = NH; " + HCO3 ™~ 3)

NH; " + H,O = NH3-H,O + H* kyp = 5.4 x 10710 (4)
HCO3;™ + H,O = H,CO3 + OH™ kop = 3.5 x 1077 (5)
H,CO3 = HCO;~ + H* kg =42x1077 (6)
HCO; ™ = COs*™ +H' ky =5.6x 101 %)

Ammonium bicarbonate can ionize hydrogen ions in water, and can also hydrolyze to
produce hydroxide ions. However, because the hydrolysis constant of hydrogen carbonate
is much higher than that of ammonium ion, ammonium bicarbonate is alkaline in aqueous
solution. When RE reacts with ammonium bicarbonate to form the precipitation of RE
carbonate, it is mainly the reaction with the carbonate in ammonium bicarbonate. Therefore,
the content of carbonate in aqueous solution is the key factor affecting the precipitation
rate of rare earth carbonate. Carbonic acid is the secondary ionization product of carbonic
acid, and the pH of the solution directly affects the content of carbonic acid in the solution.
Ammonium bicarbonate is a weak acid and weak base salt, which rarely exists in aqueous
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solutions in molecular form and can be ignored. Then, the total concentration of carbonate
when dissolved in water is the following:

[CO37]; = [HCO;™] + [CO5* | + [HCO3] (8)

Since the component fractions of CO32*, HCO;3; ™, and H,CO3 in the ammonium bicar-
bonate solution are represented by @, @1, and P, respectively, then

CO3%~
Dy — [ 37 } _ . kyko )
[CO3 ]T [H+] +k1[H+] + kiko
- kHT
PLLC | (10)
[COs]r HP + K [H] +kiks
Cal
(DZ — [HZCO3] _ (11)

[CO7]r  [HY 4 k[H] + kiks

After taking the values of k; and k; into Formulas (9)—(11), the -pH diagram of each
component in the aqueous solution can be obtained. The result is shown in Figure 7. It can
be seen from Figure 7 that in acidic solution, HyCO3 or HCO3 ™ is its main form. When
the pH of the solution is high (over 10), ammonium bicarbonate mainly exists in the form
of carbonate.

100

80 |-

/%

40 |

20

Figure 7. ®-pH diagram of ammonium bicarbonate in the aqueous solution.

3.3.2. The Possible RE Precipitation Reaction During the Leaching Process

During the leaching process, the residual ammonium bicarbonate may interact with
the leached RE to form RE carbonate precipitation, as shown in Formula (12). In addition,
as the quantity of ammonium bicarbonate increases, the pH of leaching solution increases,
and the RE may also react with hydroxide to form RE hydroxide precipitation, as shown in
Formula (15). Formulas (14) and (17) [26] can be calculated from the precipitation solubility
product, and Equations (14) and (17) are plotted to obtain the pM-pH diagram of the
precipitation equilibrium of RE ions in ammonium bicarbonate solution. The findings are
illustrated in Figure 8.
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Figure 8. pM-pH diagram of ammonium bicarbonate precipitation system.

From Figure 8, the pM-pH line of RE carbonate precipitation is to the left of the
pM-pH line of RE hydroxide precipitation, indicating that RE carbonate precipitation
is preferentially formed under the condition of sufficient carbonate in the system. It is
apparent from Figures 5 and 6 that when the total carbonate content in the leaching liquor
was lower than 0.01 mol/L to leach RE, the pH of the leachate was 4-5. In this pH range, the
carbonate primarily exists in the form of HyCOj3 during the leaching process. The content
of carbonate that can directly interact with RE was extremely low. Therefore, not much RE
carbonate would be produced. Therefore, when the precipitation mother liquor with a total
carbonate content of less than 0.01 mol/L is reused to leach RE, it exerts minimal impact on
the RE leaching rate and can be directly recycled within the RE leaching process.

2RE®T + 3HCO; ™ = RE»(CO3)5 | +3H™ (12)

2RE** +3C0O5*" = RE»(COs);3 | Ksp = 3.12x 10~ (13)
3 2

pMpps+ = —13.2 — 210g( H* } + ki [Hﬂ + k1k2> (14)

RE®" + 3HCO;~ = RE(OH), | +3CO; (15)

RE*" +30H™ = RE(OH), | Kyp =3x 102 (16)

pMggs+' = 3pH —18.48 (17)

3.4. Dynamics of RE Leaching Process

The leaching process of the weathered crust elution-deposited rare earth ore is a
solid-liquid heterogeneous reaction, and the ore particles can be regarded as spherical. The
leaching process of RE can be described by the shrinking unreacted core model [27]. The
following kinetic models are commonly used to simulate the leaching process of weathered
crust elution-deposited rare earth ore:

(1) Chemical reaction controls:

1-(1—a)’ =kt (18)

(2) Outer diffusion controls:

@I=
I

1—(1—a)3 =kt (19)

(3) Inner diffusion controls:
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@IN

1—§a—(1—a)

where « represents the leaching efficiency; k is the reaction rate constant, min~!; ¢ is the
leaching time, min.

—kt (20)

3.4.1. Effect of Carbonate Concentration on Leaching Kinetics

Under the conditions of a leaching solution flow rate of 0.6 mL/min, a liquid-solid
ratio of 1:1, and room temperature, the effect of total carbonate concentration on the RE
leaching process was studied by changing the concentration of ammonium bicarbonate
added to a 2% ammonium sulfate solution. The results are shown in Figure 9.

100 |
c\\c’ 80
>
Q
=
.9
S 60 F
% CTolal carbonalc/ (mOI/ L)
2 —=—0
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~ 20F ——0.015
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Figure 9. Effect of the total bicarbonate concentration on the kinetic curves of RE.

From Figure 9, it can be seen that the leaching efficiency of RE increases slowly in the
initial stage, then increases rapidly, and then slowly tends to equilibrium with the increase
in leaching time. When the maximum leaching rate is reached, it remains in equilibrium.
When the total carbonate concentration in the leaching solution is less than 0.01 mol/L, the
impact of the total carbonate concentration on the leaching efficiency of RE is relatively
small, while excessive concentration has a significant impact on the leaching efficiency of
RE. This is because when the content of carbonate ions in the leaching solution is high,
it will increase the concentration difference of carbonate ions between the flow center of
the leaching solution and the surface of mineral particles, enhance the diffusion effect of
the leaching solution, and increase the strength of the interaction between RE ions and
carbonate ions, thereby enhancing the inhibitory effect of carbonate ions on RE leaching
and reducing the RE leaching efficiency.

By inputting the data from Figure 9 into the kinetic models, it was found that the
linear relationship between 1 — 2a/3 — (1 — oc)z/ 3 and t is better, which is more in line with
the internal diffusion model. The fitting coefficients R? are all greater than 0.97, and the
results are shown in Table 2. This result indicates that the leaching process is controlled by
the internal diffusion step.

The internal diffusion kinetic equation of rare earth leaching can be expressed as
follows [28]:

1—§zx— (1—a)3 = (ko — kgpClh)t 1)
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By combining the original internal diffusion dynamics equation, the following can
be concluded:

or
In(kg — k) = nInCy + Inkgrg (23)

where ky and krg are the apparent rate constants of RE leaching when ammonium sulfate
or ammonium sulfate solution containing carbonate ions are used as leaching solutions,
respectively; n is the empirical reaction order of RE; Cy is the total concentration of carbonate
ions in the extraction solution, mol/L; a is the RE leaching efficiency; and t is the leaching
time, min.

Table 2. Apparent rate constant and correlation coefficient values of internal diffusion.

Total Carbonate Concentration/(mol/L) k/(min—1) R?
0 0.0009 0.9911
0.005 0.0008 0.9764
0.007 0.0007 0.9700
0.010 0.0006 0.9742
0.015 0.0005 0.9925

By substituting the data from Table 2 into Equation (23), the relationship between
In(kg — k) and InCy can be obtained, as shown in Figure 10. From Figure 10, it can be seen
that there is a good linear relationship between In (kg — k) and InCy, with a fitting coefficient
R? of 0.970, further verifying that the leaching process is controlled by internal diffusion.
This result is consistent with the literature report [25]. The empirical reaction order with
respect to concentration can be determined by analyzing the slope and intercept of the
fitted line, which is 0.627 and kgg = 0.009. Therefore, the internal diffusion kinetic equation
of rare earth leaching in this process can be expressed as follows:

2 2
1-Za—(1-a) 5= (0.0009 — 0.009C2672)¢ (24)
7.4 1 -
-7.6
®
S
E -7.8¢
In(k, %)=0.627InC,~4.752
8.0r R?=0.970
| ]
*8. 2 1 L 1 L 1 L 1 L 1 L 1 L 1

-5.4 -5.2 -5.0 4.8 4.6 4.4 4.2 4.0
InC,

Figure 10. The relationship between Ink and InCy.

3.4.2. Effect of Temperature on Leaching Kinetics

Under the conditions of a total carbonate concentration of 0.01 mol/L, a leaching
solution flow rate of 0.6 mL/min, and a liquid-solid ratio of 1:1, the effect of leaching
temperature on the RE leaching process was studied. The results are shown in Figure 11.
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Figure 11. Effect of temperature on the kinetic curves of RE.

As can be seen from Figure 11, with the increase in leaching time, the leaching efficiency
of RE increases slowly at the beginning of leaching, then rapidly increases, and maintains
equilibrium when the maximum leaching efficiency is reached. In addition, the time
required for the RE leaching efficiency to reach equilibrium gradually shortens with the
increase in leaching temperature, and the RE leaching efficiency accelerates. This is because
the increase in temperature will increase the diffusion rate of ions, increase the rate of
ion exchange reaction between ammonium ions in the leaching solution and RE in the
ore particles, and accelerate the RE leaching efficiency. At the same time, the increase in
leaching temperature can also increase the infiltration rate of the leaching solution in the
ore body and shorten the leaching time required [6]. Therefore, leaching in summer is more
conducive to achieving higher leaching and production efficiency.

After fitting the data in Figure 11 into various dynamic models, it was found that there
is a good linear relationship between 1 — 2a/3 — (1 — #)?/3 and t, and the fitting coefficients
R? are all greater than 0.97. The findings presented in Table 3 suggest that the internal
diffusion dynamics equation is effectively applicable to the rare earth leaching process.

Table 3. Apparent rate constant and correlation coefficient values of internal diffusion.

Leaching Temperature/°C k/(min—1) R?
10 0.0008 0.9786
20 0.0009 0.9701
30 0.0011 0.9790
40 0.0012 0.9806
50 0.0015 0.9804

According to the Arrhenius equation, the apparent rate constant k can be expressed as
follows [29,30]:
k= Ae T (25)
or
Ink = InA — £ (26)
B RT
where k is the apparent rate constant, min~—!; A is the pre-exponential factor; E is the
apparent activation energy, k] /mol; T is the leaching reaction temperature, K; and R is the
ideal gas constant.
To illustrate the relationship between Ink and 1/T, the apparent rate constants derived
from Table 3 were plotted, as depicted in Figure 12. Analyzing Figure 12 reveals a strong
linear correlation between Ink and 1/T, characterized by a fitting coefficient (R?) of 0.978.
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Furthermore, the activation energy for the rare earth leaching reaction, as deduced from the
slope of the fitted line, is calculated to be 5.77 k] /mol, ranging from 4 to 12 k] /mol, further
indicating that the leaching process is controlled by internal diffusion kinetics [31]. Based
on the above analysis, the internal diffusion kinetic equations regarding concentration and
temperature can be expressed as follows:

1—%0{—(1—&)% :kot—klcgef%-t (27)

If ,
ky = Ke xr (28)

By fitting the linear equation, reaction activation energy, and corresponding exper-
imental temperature in Figure 10 into Equation (28), k’ can be calculated. The obtained
result is substituted into Equation (27), and the kinetic equation for the RE leaching process
is obtained as follows:

2 2
1 5a— (1-a)% = 00009 - CO672= 85Tt . (29)
3.6
n
34+
=
E
|
32 F [
—Ink=0.694x(1/Tx1000)-1.442
" R?=0.978
30
1 " 1 " 1 " 1 " 1

6.4 6.6 6.8 7.0 72
1/Tx103%(K ™)

Figure 12. The relationship between plots of Ink versus 1/T.

3.5. Mass Transfer Analysis of RE Leaching Process

The influence of different reuse leaching conditions on the rare earth mass transfer
process was studied using chromatographic tray theory. The leaching process of weathered
crust elution-deposited rare earth ore can be regarded as the fixed phase being clay min-
erals that adsorb RE, and the mobile phase being the color layer leaching process of the
leaching solution. The mass transfer process of leaching can be studied using the theory
of chromatography trays. Therefore, Gaussian fitting can be applied to the mass transfer
process through chromatographic tray theory. The calculation formulas for the number of
theoretical plates and the equivalent height of theoretical plates are as follows [32]:

Vr \?
n=28In2x () (30)
Vi
HETP = h/n (31)

where 7 is the theoretical plate number; Vy is the retention volume of the outflow curve,
mL; V, is the half peak height width of the outflow curve, mL; HETP is the theoretical
tray height, mm; and h is the loading height, mm.



Minerals 2024, 14, 1179

15 of 18

3.5.1. Effect of Carbonate Concentration on Mass Transfer Process

Under a leaching liquid flow rate of 0.6 mL/min, with a liquid-solid ratio of 1:1, and
room temperature, the effect of total carbonate concentration on the mass transfer process
was studied by varying the content of ammonium bicarbonate added to a 2% ammonium
sulfate solution. The findings are illustrated in Figure 13 and detailed in Table 4.

12 i
CTolal carbnnale/(mOI/L)
9
—m—0
g —0—0.005
) ] I —A—(.007
¢ !
= 6F ! —v—0.010
EN ——0.015

O

3
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1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
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V/mL

Figure 13. Effect of the total bicarbonate concentration on the leaching curves of RE.

Table 4. Leach HETP and correlation coefficient of RE under various bicarbonate concentrations.

Total Carbonate

Concentration/(mol/L) L/em VR/mL Vip/mL n HETP/cm
0 9.60 18.99 16.69 7.18 1.34
0.005 9.50 20.14 18.21 6.78 1.40
0.007 9.70 18.79 16.87 6.88 1.41
0.010 9.70 18.82 17.12 6.70 1.44
0.015 9.50 18.32 17.16 6.32 1.50

From Figure 13, it can be seen that as the volume of the leachate increases, the con-
centration of RE in the leachate first increases, then decreases, and finally approaches
zero. As the concentration of carbonate ions in the leaching solution increases, the peak
concentration of RE gradually decreases. The leaching curve in Figure 13 was analyzed
using chromatographic tray theory to obtain the theoretical tray height, as shown in Table 4.
From Table 4, it can be seen that as the concentration of carbonate ions increases, the height
of the tray gradually increases. This indicates that the increase in carbonate content in the
leaching solution is not conducive to the mass transfer process of RE.

3.5.2. Effect of Temperature on Mass Transfer Process

In an experimental setup involving an ammonium sulfate leaching solution with a
total carbonate concentration of 0.01 mol/L, the flow rate was maintained at 0.6 mL/min
and a liquid-to-solid ratio of 1:1 was employed. To investigate the influence of temperature
on the mass transfer process, the leaching temperature was systematically varied. The
findings from this study are presented in Figure 14 and Table 5.

From Figure 14, it can be seen that as the leaching temperature increases, the peak
concentration of RE leaching shows an increasing trend, while the peak width is the
opposite. This indicates that an increase in temperature can promote an increase in RE
leaching efficiency. As shown in Table 5, the theoretical number of trays decreases with
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increasing temperature, indicating that higher leaching temperatures can promote mass
transfer during the leaching process and shorten the production cycle.

Cp /(@)

12

o VN -

0 20 40 60 80 100 120 140 160 180
V/mL

Figure 14. Effect of the leaching temperature on the leaching curves of RE.

Table 5. Leach HETP and correlation coefficient of RE under various leaching temperatures.

Temperature/°C L/cm VR/mL Vip/mL n HETP/cm
10 9.90 21.51 18.93 7.16 1.38
20 9.70 18.26 16.53 6.77 1.44
30 9.60 18.93 16.25 7.53 1.28
40 9.50 19.64 16.76 7.61 1.25
50 9.60 20.14 16.77 7.80 1.20

4. Conclusions

@

@

®)

In the RE carbonate precipitation process, when the RE concentration in the leachate
ranged from 0.1 to 1.5 g/dm?, and the precipitation rate of the RE attained a state of
equilibrium, the RE precipitation rate was higher than 96%. And the residual total
carbonate content in the precipitation mother liquor was lower than 0.01 mol/L, and
the pH was 7-8.

In the RE leaching process, when the total carbonate concentration in the leaching
liquor was less than 0.01 mol/L, and the pH was 7-8, there was almost no effect on the
RE leaching efficiency. Consequently, the mother liquor resulting from precipitation
under these conditions can be directly reused in the rare earth leaching process.
When the mother liquor of rare earth carbonate precipitation is used as the leaching
solution, the leaching process of RE is governed by the kinetics of internal diffusion.
The decrease in total carbonate content and the increase in temperature in the leaching
solution are beneficial for the mass transfer process of RE leaching.

The kinetic equation for the reuse leaching process was established based on the

leaching temperature and total carbonate concentration in the leaching solution, in order to
guide the reuse of precipitation mother liquor for leaching rare earth ore.

Author Contributions: Conceptualization, J.F. and X.W.; methodology, J.F.; software, J.F. and
X.W.,; validation, X.W.; formal analysis, J.F; investigation, J.F,; resources, R.C.; data curation, J.F;
writing—original draft preparation, J.E,; writing—review and editing, ].F. and X.W.; visualization,

EZ.;

supervision, X.W.; project administration, R.C.; funding acquisition, X.W. All authors have read

and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 52204278 and 22078252).



Minerals 2024, 14, 1179 17 of 18

Data Availability Statement: Data are contained within the article.
Acknowledgments: Thanks for the great effort by the editors and reviewers.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Qiao, ].Y.;; Tang, J.; Xue, Q. Study on Pb release by several new lixiviants in weathered crust elution-deposited rare earth ore
leaching process: Behavior and mechanism. Ecotoxicol. Environ. Saf. 2020, 190, 110138. [CrossRef] [PubMed]

2. Chen, Z. Global rare earth resources and scenarios for future rare earth industry. J. Rare Earths 2011, 29, 1-6. [CrossRef]

3. Xiao, Y.F; Feng, Z.Y.; Huang, X.W.; Huang, L.; Chen, Y.Y.; Wang, L.S.; Long, Z.Q. Recovery of rare earths from weathered crust
elution-deposited rare earth ore without ammonia-nitrogen pollution: I. leaching with magnesium sulfate. Hydrometallurgy 2015,
153, 58-65.

4.  Castor, S.B. Rare earth deposits of North America. Resour. Geol. 2008, 58, 337-347. [CrossRef]

5. Zhang, Y.B.; Zhang, B.Y.; Yang, S.Q.; Zhong, Z.G.; Zhou, H.P,; Luo, X.P. Enhancing the Leaching Effect of an Ion-Absorbed Rare
Earth Ore by Ameliorating the Seepage Effect with Sodium Dodecyl Sulfate Surfactant. Int. J. Min. Sci. Technol. 2021, 31, 995-1002.
[CrossRef]

6. He, Z.Y,; Zhang, Z.Y,; Chi, R.A.; Xu, Z.G,; Yu, ].X.; Wu, M,; Bai, R.Y. Leaching hydrodynamics of weathered elution-deposited rare
earth ore with ammonium salts solution. J. Rare Earths 2017, 35, 824-830. [CrossRef]

7. Luo, X.P; Zhang, Y.B.; Zhou, H.P; He, K.Z.; Luo, C.G,; Liu, Z.S.; Tang, X.K. Review on the Development and Ultilization of Ionic
Rare Earth Ore. Minerals 2022, 12, 554. [CrossRef]

8.  Wang, G.F; Xu, J.; Ran, L.Y.; Zhu, R.L.; Ling, BW.; Liang, X.L.; Kang, S.C.; Wang, Y.Y.; Wei, ].M.; Ma, L.Y.; et al. A Green and
Efficient Technology to Recover Rare Earth Elements from Weathering Crusts. Nat. Sustain. 2023, 6, 81-92. [CrossRef]

9.  Ju, W, Yang, ].H,; Yao, C.; Zhang, X.B.; Ye, ZW.,; Liu, D. Experimental Study on the Permeability of Rare Earths with Different
Particle Composition for a Novel Heap Leaching Technology. Appl. Sci. 2022, 12, 11368. [CrossRef]

10. Xiao, Y.F; Feng, Z.Y,; Hu, G.H.; Huang, L.; Huang, X.W.; Chen, Y.Y.; Long, Z.Q. Reduction leaching of rare earth from ion-
adsorption type rare earths ore with ferrous sulfate. J. Rare Earths 2016, 34, 917-923. [CrossRef]

11. Luo, X.P; Zou, L.P; Ma, PL.; Luo, C.G.; Xu, J.; Tang, X.K. Removing aluminum from a low-concentration lixivium of weathered
crust elution-deposited rare earth ore with neutralizing hydrolysis. Rare Metals 2015, 36, 685-690. [CrossRef]

12.  Huang, X.W,; Long, Z.Q.; Li, HW.; Ying, W.J.; Zhang, G.C.; Xue, X.X. Development of rare earth hydrometallurgy technology in
China. J. Rare Earths 2005, 23, 1-4. [CrossRef]

13.  Zhu, D.M,; Chen, Q.W,; Qiu, T.S.; Zhao, G.F.; Fang, X.H. Optimization of rare earth carbonate reactive-crystallization process
based on response surface method. J. Rare Earths 2021, 39, 98-104. [CrossRef]

14. Li, Y.X. Ion Adsorption Rare Earth Resources and Their Green Extraction; Chemical Industry Press: Beijing, China, 2014.

15.  Xiao, Y.F; Huang, X.W.; Feng, Z.Y.; Dong, ].S.; Huang, L.; Long, Z.Q. Progress in the green extraction technology for rare earth
from ion-adsorption type rare earths ore. Chin. Rare Earths 2015, 36, 109. (In Chinese)

16. Luo, X.P; Qian, Y.J.; Chen, X.M. Crystallization of rare earth solution by ammonium bicarbonate. In Proceedings of the 52nd
Conference of Metallurgists (COM), Montreal, QC, Canada, 27-31 October 2013; pp. 289-297.

17. Yu, Q.H.; Li, X.B. The forming and its influence factors of crystal rare earth carbonate. J. Chin. Rare Earth Soc. 1993, 11, 171-173.
(In Chinese)

18. Lai, FEG.; Huang, L.; Gao, G.H.; Yang, R.; Xiao, Y.F. Recovery of Rare Earths from Ion-Absorbed Rare Earths Ore with
MgSOs—Ascorbic Acid Compound Leaching Agent. . Rare Earths 2018, 36, 521-527. [CrossRef]

19. Yang, X.L.; Zhang, ].W. Recovery of rare earth from ion-adsorption rare earth ores with a compound lixiviant. Sep. Purif. Technol.
2015, 142, 203-208. [CrossRef]

20. Wuhan University. Analytical Chemistry Experiment; Higher Education Press: Beijing, China, 2011.

21. He, Z.Y,; Zhang, Z.Y.; Yu, ].X,; Chi, R.A. Behavious of rare earth, aluminum and ammonium in leaching process of weathered
crust elution-deposited rare earth ore. Chin. Rare Earths 2015, 36, 18-24. (In Chinese)

22.  Chi, R.A; Tian, J. Weathered Crust Elution-Deposited Rare Earth Ores; Nova Science Publishers: New York, NY, USA, 2008.

23. Xia, H.B,; Deng, P.; Wu, X,; Liu, D.B.; Qiu, S.; Liu, Y.Q.; Yu, Y.H. Simulation Research on Pilot Experimental of In-situ Leaching
Ion-adsorption Rare Earth Ores with Plant Leaching Agent. Nonferrous Met. Eng. 2020, 10, 52-59.

24. Shi, Q.Y,; Zhao, Y.; Meng, X.Y.; Shen, L,; Qiu, G.Z.; Zhang, X.G.; Yu, H.; He, X.; He, H.].; Zhao, H.B. Column Leaching of Ion
Adsorption Rare Earth Ore at Low Ammonium Concentration. . Mater. Res. Technol. 2022, 19, 2135-2145. [CrossRef]

25. Guo, Q; Li, Z,; Pan, ].X,; Li, B.; Zhao, L.S.; Liu, D.P,; Zheng, X.D.; Wang, C.M. Leaching Mechanism of Aluminum during Column
Leaching of Ion-Adsorption Rare Earth Ore Using Magnesium Sulfate. Minerals 2023, 13, 401. [CrossRef]

26. Zhou, F; Feng, J.; Wang, Z.Q.; Xu, Y.L.; Zhang, Z.Y.; Chi, R.A. One step purification of impurities in the leachate of weathered
crust elution-deposited rare earth ores. Physicochem. Probl. Miner. Process. 2017, 53, 1188-1199.

27.  Sohn, H.; Wadsworth, M. Rate Processes in Extractive Metallurgy; Plenum: New York, NY, USA, 1979.

28. Li, M,; Zhang, X.W.,; Liu, Z.G.; Hu, YH.; Wang, M.T,; Liu, J.; Yang, J.P. Kinetics of leaching fluoride from mixed rare earth

concentrate with hydrochloric acid and aluminum chloride. Hydrometallurgy 2013, 140, 71-76. [CrossRef]


https://doi.org/10.1016/j.ecoenv.2019.110138
https://www.ncbi.nlm.nih.gov/pubmed/31901809
https://doi.org/10.1016/S1002-0721(10)60401-2
https://doi.org/10.1111/j.1751-3928.2008.00068.x
https://doi.org/10.1016/j.ijmst.2021.06.002
https://doi.org/10.1016/S1002-0721(17)60982-7
https://doi.org/10.3390/min12050554
https://doi.org/10.1038/s41893-022-00989-3
https://doi.org/10.3390/app122211368
https://doi.org/10.1016/S1002-0721(16)60115-1
https://doi.org/10.1007/s12598-015-0621-3
https://doi.org/10.1007/s12598-015-0473-x
https://doi.org/10.1016/j.jre.2020.03.011
https://doi.org/10.1016/j.jre.2017.12.003
https://doi.org/10.1016/j.seppur.2014.11.050
https://doi.org/10.1016/j.jmrt.2022.05.199
https://doi.org/10.3390/min13030401
https://doi.org/10.1016/j.hydromet.2013.09.004

Minerals 2024, 14, 1179 18 of 18

29. Zhu, P; Zhang, X.J; Li, K.E; Qian, G.R.; Zhou, M. Kinetics of leaching refractory gold ores by ultrasonic-assisted electro-
chlorination. Int. . Min. Met. Mater. 2012, 19, 473-477. [CrossRef]

30. Ashraf, M.; Zafar, Z.; Ansari, T. Selective leaching kinetics and upgrading of low-grade calcareous phosphate rock in succinic
acid. Hydrometallurgy 2005, 80, 286-292. [CrossRef]

31. Parhi, P; Park, K.; Senanayake, G. A kinetic study on hydrochloric acid leaching of nickel from Ni-Al,O3 spent catalyst. J. Ind.
Eng. Chem. 2013, 19, 589-594. [CrossRef]

32. Lee, W.C,; Tsai, G.J.; Tsao, G.T. Analysis of chromatography by plate theory. Sep. Technol. 1993, 3, 178-197. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12613-012-0582-6
https://doi.org/10.1016/j.hydromet.2005.09.001
https://doi.org/10.1016/j.jiec.2012.09.028
https://doi.org/10.1016/0956-9618(93)80018-M

	Introduction 
	Materials and Methods 
	Materials 
	Precipitation and Column Leaching Experiments 
	Analytical Methods 

	Results 
	RE Carbonate Precipitation Process 
	Reuse of RE Carbonate Precipitation Mother Liquor for RE Leaching 
	Effect of Total Carbonate Content on RE Leaching Process 
	The Leaching Effect of the Precipitation Mother Liquor 

	Possible Reaction Between the Residual Ammonium Bicarbonate and RE in the Leaching Process 
	-pH of Ammonium Bicarbonate in the Aqueous Solution 
	The Possible RE Precipitation Reaction During the Leaching Process 

	Dynamics of RE Leaching Process 
	Effect of Carbonate Concentration on Leaching Kinetics 
	Effect of Temperature on Leaching Kinetics 

	Mass Transfer Analysis of RE Leaching Process 
	Effect of Carbonate Concentration on Mass Transfer Process 
	Effect of Temperature on Mass Transfer Process 


	Conclusions 
	References

