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Abstract: Ion-adsorption-type rare earth ores (IREOs) are an indispensable strategic resource. Rare
earths can be extracted from IREOs by means of in situ leaching, which is strongly influenced by
the migration of clay components. In order to clarify the effect of the interaction between mineral
particles on the rare earth leaching process, the aggregation of IREO colloids was investigated in
suspension after NaCl concentration and pH value were disturbed based on a light scattering method.
The results show that IREO colloids are prone to unstable aggregation, which can be affected by
salinity and pH in suspension. Combined with the analysis of the surface acid-base properties
and the zeta potential of the IREO colloids, the long-range electrostatic attraction between mineral
heterogeneous charge surfaces plays a leading role in the interaction between mineral particles. In
suspension, electrolyte concentration and pH can adjust the strength of the electrostatic force and
the force field overlapping between the surface double electric layers to influence the aggregation of
the IREO colloids. The above conclusion can enrich and supplement the rare earth extraction theory,
which has a certain guiding significance for green exploitation of IREOs.

Keywords: ion—adsorption—type rare earth ore; surface interaction; aggregation

1. Introduction

As they are rich in middle and heavy rare earths, ion-adsorption-type rare earth ores
(IREOs) are an indispensable strategic resource for modern science and technology [1]. Rare
earth elements (REEs) in IREOs are mainly adsorbed in ionic form in kaolinite-based clay
minerals [2]. The ion-exchange adsorption properties of minerals are the theoretical basis
for the extraction of REEs [3].

In recent years, the rare earth leaching process has been directly approximated as a
chemical exchange between ions in solution and rare earth ions on the adsorption sites on
the mineral surface [4,5]. However, this reaction model can hardly explain some anomalies
in the leaching process of rare earths. For example, NH,* shows superior leaching ability
compared to other high-valent ions (e.g., Fe>* and Mg?*) [6]. The use of acidic electrolyte
leaching causes a decrease in the leaching rate of rare earths, which is also contrary to
the strong exchange capacity of H* [7], etc. This indicates that the theory of rare earth
leaching still needs to be improved. The clay component of IREOs is mainly kaolinite, and
in addition to the chemical reaction of ions on the mineral surface, the influence of the
interaction between mineral particles on the leaching process should also be considered,

Copyright: © 2022 by the authors.

Licensee MDPI Basel Switzerlang.  Put there is little research in this area.

In industrial production, the in situ leaching process is mostly used for the extraction
of REEs from IREOs. Numerous studies have found that ore body particles will migrate
during in situ leaching, which will lead to the existence of ore body pores, thus affecting
the ore body permeability [8,9]. From the existing studies, it can be determined that the
generation of pores in the leaching process of ionic rare earth is the cause of the change
40/). in mineral permeability, while there is little analysis on the interaction between mineral
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particles, the fundamental cause of mineral migration in the leaching process. Further
theoretical research is still needed to develop hard-to-permeate IREOs and to prevent the
mine disasters caused by the clay particle migration.

In solution, the properties (e.g., solution viscosity and electrical conductivity) of clay
minerals ranging from 1 nm to 2 um demonstrate colloid-like characteristics. Additionally,
such clay minerals are generally referred to as clay colloids [10,11]. The physical and
chemical properties of clay colloids play an important role in the interaction between
clay particles [12]. The interaction between particles can be analyzed based on Deryagin—
Landau—-Verwey—Overbeek theory (DLVO theory) [11]. The electrostatic repulsion and
van der Waals force between colloidal particles govern the interaction between colloidal
particles in the dispersion system. When the electrostatic repulsion between the particles is
greater than the van der Waals force and is sufficient to prevent the collisional aggregation
caused by the Brownian motion of colloidal particles, the colloidal particles are dispersed;
when the interparticle van der Waals force is greater than the repulsive electrostatic repul-
sion, the aggregation of colloidal particles occurs [13]. For the analysis of the interaction
between kaolinite-like clay minerals, the extended DLVO theory that takes into account
hydration is frequently utilized [14].

The salinity and pH of the solution affect the interaction between clay particles. Salin-
ity can change the thickness of the double electric layer on the mineral surface and thus
affect the interaction distance between mineral particles [15-17]. The role of pH is rela-
tively complex. For laminated silicate minerals, most clay particles (e.g., kaolinite and
montmorillonite) are anisotropic and have two different surfaces. Therefore, three types of
aggregation structure are formed with the change in solution pH, such as the face-to-face
structure, the face-to-edge structure, and the edge-to-edge structure. In low-salinity solu-
tions, this encourages the formation of relatively stable three-dimensional structures as the
aggregation of minerals occurs. In kaolinite, for example, the faces of its silicon—oxygen
tetrahedral crystal structures are negatively charged at pH > 4, while those of its aluminum-
oxygen octahedral crystal structures were positively charged at pH < 6 and are negatively
charged when pH > 8 [18-21]. Thus, under acidic or neutral conditions, different surfaces of
kaolinite demonstrate a large potential difference, which leads to its agglomeration by the
interaction of electric double layers among different surfaces. Under alkaline conditions,
the surfaces of kaolinite have strong negative charges, and kaolinite will be dispersed
due to the repulsive effect of electric double layers. For illite, it will agglomerate in a
three-dimensional structure at pH 3.0 due to the mutual attraction between the crystal
edges and faces. When the solution pH is 5.0, some edge-to-edge structures appear in
the suspension due to the obvious reduction in repulsion energy between crystal faces
and edges. When the solution pH is higher than 6.0, the illite particles are dispersed [22].
Under neutral and acidic conditions, goethite is positively charged. Zhu et al. found that
when clay minerals such as montmorillonite are added to goethite, goethite adsorbs on
the mineral surface to act as a bridging link for mineral agglomeration [23-25]. When clay
minerals contain iron and aluminum oxides, the adsorption of iron and aluminum oxide
on the mineral surface affects the agglomeration between minerals. Zhu et al. found that
the addition of goethite to clay minerals such as montmorillonite could act as a bridging
link to the agglomeration between clay particles [26].

In mineral processing studies, zero point charge (ZPC) and zeta potentials of clay
minerals are commonly used to analyze mineral aggregation. For kaolinite and montmoril-
lonite, the ZPC and zeta potential are strongly influenced by the solution pH and salinity
due to the anisotropy of the mineral surface. With these two parameters, the influence of
the solution environment on the surface charge properties of minerals can be analyzed,
and the effect of changes to the solution environment on the aggregation of minerals can
be judged accordingly [27,28]. Considering the influence of the dynamic changes from the
salinity and pH on the interaction between ore particles in in situ leaching, the dynamic
aggregation behavior of particles with a particle size less than 2 pm in minerals was studied
by applying the light scattering technology. The aggregation mechanism of the IREO is
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expounded in combination with the influence of solution pH and salinity on the surface
charge properties of the ore body.

2. Experiments
2.1. Materials

IREOs were collected by means of drilling from the middle of the weathering layer of
Xunwu rare earth mine in Ganzhou City, Jiangxi province, southern China. The raw ore
was dissolved using strong acid and then the main chemical composition was analyzed
using an inductively coupled plasma tandem mass spectrometer (Agilent 8800, US) for
the determination of the main mineral composition. The results are listed in Table 1, and
that indicates that the mineral composition of IREOs is silico-aluminum compounds, and
the total amount of rare earth oxides (TREO) is 0.16%. The grade of rare earth meets the
requirements of industrial mining.

Table 1. Main chemical composition and the total amount of rare earth oxides of IREOs.

Main Component Elements/wt.%

TREO

Mg Ca Si Fe Al K (0]

0.16%

0.09

0.044 0.019 15.22 0.76 14.38 1.99 45.22

2.2. Experimental Methods
2.2.1. Extraction of Clay Colloids from IREO

The IREOs were sieved to pass the 250 um and prepared into pulp with deionized
water. After ultrasonic dispersion, the pulp was transferred into a 10 L plastic bucket to
dilute its concentration to approximately 6 wt.%. Then, the pulp was stirred up and down
with a stirring rod 10 times before settling to the expected time. The pulp settling time was
determined according to the settling rate of 2 pm ore particles. The sedimentation rate of
the ore particles can be calculated using the Stoke formula (Equation (1)):

_ 2 o2ps—pI
v=gertt (M

where v is the sedimentation rate of ore particles with radius r in water (cm-s~1). g is the
acceleration of gravity (cm-s~2). r is ore particle radius (cm). ps is the mineral particle
density approximately 2.6 g-cm~3 with reference to soil density. p; is the water density
(g-cm~3). 7 is the kinematic viscosity coefficient of water (g-cm~!-s71).

At this time, a siphon glass tube was utilized to extract the upper mineral pulp and
transfer it to another container, which was collected after sedimentation and drying at
60 degrees Celsius for 72 h. This is the IREO colloids. Deionized water was unceasingly
injected into the original pulp barrel to the height of the original liquid level, and we
repeated the above operation to extract mineral clay particles until the pulp residue in the
barrel was transparent.

2.2.2. Mineral Composition and Surface Group Analysis

The IREO colloids composition was determined using an X-ray diffraction analyzer
(Empyrean, Holland). Cu Kal radiation was used with a continuous scanning range from
10° to 90° and a scanning speed of 4° /min.

The surface group of IREO colloids was determined using an Fourier transform
infrared spectroscopy (IRTracer-100, Japan). The IREO colloids were mixed with 74 pum
KBr powder and pressed into tablets. The collided was examined at a spectral resolution

of 2cm™1.



Minerals 2022, 13, 38

4 of 14

2.2.3. Aggregation of IREO Colloids

IREO colloids were prepared into 0.1 g-kg ! suspension with deionized water, and
a laser particle size analyzer (Mastersize 3000, UK) was applied to measure the colloid
particle size. When the original particle size of the extracted IREO colloids was measured,
approximately 1 mL of 0.1 mol-kg ! NaOH solution was used to adjust the suspension
pH to approximately 9.5 to avoid colloid aggregation. Colloid aggregation behavior in
suspension was studied by measuring colloid particle size at one-minute intervals using
a recirculation feed. Particle size test results were expressed as 50% of colloidal volume
particle size (Dv50).

2.2.4. Measurement of  Potential on IREO Colloids Surface

{ potential on IREO colloids surface in 0.1 g-kg~! suspension was measured by
utilizing micro electrophoresis apparatus (JS94H2, China). During the measurement, each
sample was repeated at least 5 times, and the error range was kept within £2 mV.

2.2.5. Measurement of Acid and Alkali Adsorption on Mineral Surface

Potentiometric titration was performed by applying a potentiometric titrator (ZDJ-5B,
China Thunder and Magnetic). During the measurement, we added 0.1 mol-kg~! HCl or
0.1 mol-kg~! NaOH drop at the rate of 0.05 mL-min~" after adding 0.1 g-kg~! IREO colloids
with a certain concentration of sodium chloride solution to carry out acid-base titration, and
recorded the change value of pH during the titration. Subsequently, we performed acid-base
titration on the blank sample of sodium chloride solution (no IREO colloids suspension was
added) in the same way. For the results of three sodium chloride concentration conditions, a
curve was drawn with pH as the abscess coordinate and the amount of H* /OH™ adsorbed af-
ter the blank sample was deducted as the ordinate coordinate, which was the adsorption curve
of the acid and base amount on the mineral surface under the condition of rapid titration.

2.2.6. Ion Adsorption on IREOs

The 250 um IREO colloids of 5.000 g were leached with 20 mL KNOj solution ap-
proximately 10 min at room temperature by horizontal oscillation. After leaching the
solid-liquid separation was carried out by centrifugation. In the leaching solution, the
amount of K* desorption was measured by ICP-MS, and NO3 ~ desorption was determined
by UV spectrometry at a wavelength of 220 nm. The amount of K* adsorbed on the mineral
surface was calculated by subtracting the amount of K* in the solution before leaching
from the amount of K* in the solution after leaching. The amount of NO3 ™~ adsorbed on
the mineral surface was used in the same way. The results of the above calculations are
expressed as moles of adsorbed ions per kg of mineral soil.

3. Results and Discussions
3.1. XRD and FTIR Results

Figure 1 shows the XRD patterns of ionic rare earth ore colloids extracted by the
sedimentation method. The results show that the ionic rare earth ore colloid components
are dominated by kaolinite and contain small amounts of illite and goethite, and it can be
presumed that the IREO colloids surface reactive groups are mainly based on alcoholic
hydroxyl groups [28,29]. In order to exclude the influence of other surface active groups
(such as organic acid radical) in the ionic rare earth ore on the acid and alkali properties
of the mineral surface, the IREO colloids surface active groups were analyzed by means
of infrared spectroscopy. The results are shown in Figure 2, which further confirmed the
alcohol hydroxyl group on the surface of IREO colloids is its active group, which is the site
of the proton/deprotonation reaction on the mineral surface.
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Figure 1. X-ray diffractometry spectrum of the IREO colloids.
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Figure 2. Infrared spectroscopy of the IREO colloids.

3.2. Stability Analysis on Colloidal Particle Size of IREOs in Aqueous Solution

Figure 3 shows the particle distribution of IREO colloids extracted by the sedimenta-
tion method. Colloidal particle size is mainly distributed in the range from 0.4 to 5.2 pm,
and Dv50 is 1.63 pm. A small number of particles larger than 2 um appeared in the par-
ticle size test results, indicating that there is still a small number of mineral colloids that
form relatively large aggregate particles. The blue dotted line in Figure 3 illustrates the
particle size distribution of IREO colloids in the suspension prepared with deionized water
(no salt addition). In comparison with the suspension with pH 9.5, the blue dotted line
deviates to the right. This indicates that the IREO colloids in deionized water has a higher
aggregation degree.

12
10
Dispersed
X 8 via dispersed
> 6—- 0.1 mol-kg”! NaOH o in
E adjusting deionized water
2

T T T
1072 107! 10° 10! 10? 10°
Particle size / pum

Figure 3. Particle size distribution of IREO colloids in the suspension before and after 0.1 mol-kg !
NaCl disturbed.
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Table 2 shows the results of multiple tests of colloidal particle size in suspensions with
no salt addition and after 0.1 mol-kg~! NaCl disturbed. It can be seen from the results that
the IREO colloids Dvsg in 0.1 mol-kg ~! NaCl suspension is approximately 1.93 um, and
that in deionized water suspension is approximately 2.14 um. The multiple measured value
deviation of IREO colloids Dvs in the two solutions is lower than 0.05 pm, indicating that
the aggregation of IREO colloids changes after the electrolyte concentration disturbance,
while the particle size measurement results of the aggregates are stable to a certain extent.
Therefore, in the subsequent experiments, the aggregation behavior of IREO colloids can
be studied and analyzed by means of electrolyte perturbation.

Table 2. IREO colloid particle size test results in deionized aqueous solution before and after NaCl
concentration disturbance.

Solution Medium

Dvso/um
No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10

Deionized Water

2.14 2.15 2.13 2.15 2.14 2.14 2.14 2.14 2.15 2.15

0.1 mol-kg~! NaCl Disturbed 1.93 1.94 1.93 1.92 1.93 1.93 1.93 1.93 1.92 1.92

Among them, the Dvs test of 0.1 mol-kg ! NaCl suspension is conducted within half
a minute after adding 0.1 mol-kg ~! NaCl to the suspension prepared by deionized water. It
can be seen from the results that the IREO colloids Dvs in 0.1 mol-kg~! NaCl suspension is
approximately 1.93 um, and that in deionized water suspension is approximately 2.14 um.
The multiple measured value deviation of IREO colloids Dvsg in the two solutions is lower
than 0.05 pm, indicating that the aggregation of IREO colloids changes after the electrolyte
concentration disturbance, while the particle size measurement results of the aggregates
are stable to a certain extent. Therefore, in the subsequent experiments, the aggregation
behavior of IREO colloids can be studied and analyzed by means of electrolyte perturbation.

3.3. Impact of pH and Salinity Perturbation on Colloid Aggregation Behavior of IREOs

After adding a certain amount of NaCl into the suspension and adjusting the sus-
pension, the aggregation of IREO colloids with time was studied, and the results were
characterized by changes in colloidal particle size (Figure 4). In general, after suspension
pH and salinity perturbation, the Dvsy of IREO colloids increases obviously with time,
which indicates that the aggregation of IREO colloids is intensified. However, this ag-
gregation is extremely unstable, and it is greatly affected by suspension pH value and
salinity. However, this aggregation is extremely unstable, and it is greatly affected by the
suspension’s pH value and electrolyte concentration. According to the change trend of the
mineral colloid Dvsy with time, the mineral colloid aggregation process can be divided into
two stages as follows: the stress response period of colloidal particles after the suspension
environment changes and the stable aggregation period of colloidal particles.

During the stress response period, after salinity and pH value are disturbed, the Dvs
of IREO colloids in the suspension will increase or decrease. Labille et al. found that clay
minerals would gather quickly in the initial stage of aggregation or dispersion, and pointed
out that the shear force between the mineral surface and the solution medium was the main
reason for mineral aggregation in a short time when the light scattering method was utilized
to measure the size of clay particles [30]. In this experiment, IREO colloids Dvsy is greatly
affected by the NaCl concentration and pH value of the suspension. It can be preliminarily
inferred that the salinity and pH value are the main causes for the rapid aggregation or
dispersion of IREO colloids at this stage. In the concentration range from 0.001 mol-kg~*
NaCl to 0.1 mol-kg ! NaCl, IREO colloids Dvs, generally shows a downward trend with
the increase in NaCl concentration during the rapid reaction period, indicating that low
concentration electrolyte solution is conducive to the aggregation of IREO colloids. In
a 0.001 mol-kg ! NaCl suspension system, the initial aggregation degree of the mineral
colloids is inversely proportional to the pH value of the suspension, indicating that when
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the electrolyte solution is low, the higher the concentration of HT* in the solution, the better
the aggregation of mineral colloids. However, the initial aggregation degree of the mineral
colloids at different pH conditions in 0.01 mol-kg~! NaCl suspension was ranked from
largest to smallest as follows: pH 3.52 (Dvsg: 2.43um), pH 5.22 (Dvsp: 2.35 um), pH 6.38
(Dvsp: 2.26 um) and pH 4.41 (Dvsp: 2.20 um); the same order for the 0.1 mol-kg’1 NaCl
suspension system is as follows: pH 3.36 (Dvsg: 2.00 um), pH 6.57 (Dvsp: 1.94 um), pH 5.28
(Dvsp: 1.92 um) and pH 4.43 (Dvsp: 1.90 pm). This indicates that the increase in salinity will
affect the aggregation effect of the suspension’s pH value on IREO colloids.

D

a. 0.001 molkkg™ NaCl

{ —O— Intial pH:3.68

—O— Intial pH:4.32
—&4— Intial pH:5.53
—>— Intial pH:6.46
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Figure 4. Impact of pH and salinity perturbation on Dvsg of the IREO colony. (a) 0.001 mol-kg ™!
NaCl; (b) 0.01 mol-kg~! NaCl; (c) 0.1 mol-kg ~! NaCl.

After the stress reaction period, the IREO colloids enter into the stable colloid aggrega-
tion period. The particle size of the IREO colloids increases steadily with the increase in
aggregation time. This change trend can be fitted by exponential function and a good result
can be obtained (Table 3), and the average aggregation rate of the IREO colloids in the
stable aggregation period can be calculated (Figure 5), in which the IREO colloids presents
a higher aggregation rate at low salinities. This also indicates that colloids are more likely
to aggregate in low-salinity solutions. In addition, there is a large correlation between the
aggregation rate of colloids and solution pH in Figure 4, which shows a lower aggregation
rate at approximately pH 4.5 for all salinity conditions in this experiment. This further
suggests that there is an inhibitory effect of approximately pH 4.5 on mineral aggregation.

Table 3. Fitting equations of kinetic variations in Dvs of the IREO colloids with the change in
aggregation time after NaCl concentration and pH value disturbed.

Cnacr/mol-kg—1 Initial pH Fitting Equation R-Squared

3.63 Dvsp = 1.81 + 0.22¢1-3% 0.977

01 443 Dvsp = 1.71 + 0.19¢9-98¢ 0.962

' 5.28 Dvsg = 1.87 + 0.06e%20 0.984
,,,,,,,,,,,,,,,,,,,,,,, 657 _______ Dvp=176+016e™™ 098

3.52 Dvsg = 2.46 + 0.19¢204 0.988

441 Dvsg = 2.24 + 0.03e284 0.976

522 Dvsg = 2.20 + 0.19¢! 0.994
,,,,,,,,,,,,,,,,,,,,,,, 638 ________ Dvs=2294003 095

3.68 Dvsg = 2.66 + 0.28e201¢ 0.993

432 Dvsg = 2.60 + 0.21e164 0.958

0.001 2.06t
5.53 Dvsg = 2.58 + 0.18e2 0.980

6.46 Dvsg = 2.50 + 0.19¢1-60¢ 0.976
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Figure 5. Average aggregation rate of the IREO colloids after salinity and pH value disturbance.

Kaolinite, illite and goethite are present in the IREO colloids. In the pH range of
3-7, the colloidal surface has both positive and negative charges. The colloidal surface
shows obvious aggregation due to the electrostatic attraction between particles. When the
salinity of the solution is increased, the double electric layer on the colloidal surface will
be compressed. Additionally, also the collision distance between the particles becomes
longer, which will reduce the chance of interparticle collision and aggregation. In addition,
the densities of the aggregates formed at this time are relatively high, which also affects
the formation of colloidal aggregation structure and thus reduces the stability of mineral
aggregation. Therefore, colloidal aggregation weakens with the increase in salinity in
Figure 4. This can explain the phenomenon that the higher the leaching agent concentration,
the more IREO particles will migrate during the column leaching process.

The suspension pH affects the aggregation structure of the colloids. The main clay
mineral in the colloid is kaolinite, which shows an increasing and then decreasing aggrega-
tion in the pH 3-7 range (the highest aggregation at pH 5.5). It is difficult to explain the
weakening of mineral aggregation at approximately pH 4.5 in Figure 5 by considering only
the aggregation of kaolinite. In the range of pH 37, the surface of goethite is positively
charged [26]. It has been shown that goethite can electrostatically adsorb on the surface of
clay minerals to play a role of adsorption bridging for mineral aggregation. This affects the
structure of IREO colloidal aggregates. Additionally, illite also exhibits a transition between
face-to-edge and edge-to-edge structures in the pH 4-5 range [22]. It is hypothesized that
the weakening of mineral aggregation at approximately pH 4.5 is the result of the combined
effect of multiple clay components.

3.4. Effects of pH and NaCl Concentration on the Surface Charge Properties of lonic Rare Earth
Ore Colloids

According to charge characteristics, clay minerals can be divided into two categories:
permanent charge and variable charge. Permanent charge is due to the isomorphous
replacement in the lattice of clay minerals, which causes excess negative charges in the
crystal cells of minerals, and the charge density is not affected by the pH value of solution
and electrolyte concentration. The sources of variable charge can be divided into two
categories as follows: one is that the hydration oxides (such as Al, Fe, and Si) in minerals
are produced by the protonation/deprotonation reaction of surface hydroxyl groups; the
other is produced by the protonation/deprotonation of the silanol and aluminol groups
exposed at the bond breaking edge of the mineral basal surface.

For variable charge clay minerals, H" and OH™~ determine ions for their variable
charge surface potential, which have a specific pH value. At this pH value, the amount of
variable positive charge on the mineral surface is equal to the amount of negative charge on
the surface, i.e., the amount of variable net charge on the mineral surface is 0 (ZPC). ZPC is
not related to the concentration of solution ions. When the pH of the solution is less than
the ZPC, the protonation reaction will occur on the mineral surface to make the mineral
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surface positively charged. When the pH of the solution is higher than the ZPC, the mineral
surface will undergo a depolarization reaction to make the mineral surface negatively
charged. The variable charge density of mineral surface can be calculated according to

Equation (2) as follows [31]:
[2ceRT . .z, %HF
oy = - sznh(ilnDCH+ ) 2)

where c is electrolyte concentration; ¢ is dielectric constant of solution; R is gas constant;
T is absolute temperature; z is equilibrium ion valence; F is the Faraday constant; gy is

the activity of H" when o is zero; ayy+ is the activity of H* in solution.

According to Equation (2), under the same pH condition, when the concentration of
solution ions is increased, the variable charge density on the mineral surface will increase,
which means that the protonation/deprotonation reaction on the mineral surface will
increase accordingly. At this time, the trend of the curve of H+ adsorption/desorption on
the mineral surface and the pH value of the solution under different ion concentrations is
shown in Figure 6a.

- a. Theoretical curve 104 b- Experimental curve
- -1
= Relatively high concentration 1 0.001 mol'kg™ NaCl
£ oy 54 —4— 0.01 mol kg NaCl
§ Medium concentration i; 1 —#— 0.1 mol'kg”! NaCl
+ g 0+
o =) |
...... / R -
E Relatively low concentration g -10+
£ g
o
2 E -154
=] 4
+
an =20+
T T T T T T T T T T T T
3 4 5 6 7 8 3 4 5 6 7 8
Solution pH Solution pH

Figure 6. Acid-base titration curves of clay minerals with variable charge under different ionic
strengths. (a) Theoretical curve; (b) Experimental curve.

Figure 6b shows the total proton adsorption amount determined by the rapid potential
method for the IREO colloids as a function of the pH at three different ionic strengths of
NaCl. IREO colloids have ZPC values between 4 and 5, which is the result of the combined
effect of net proton reactions on the surface of kaolinite (ZPC: 6-6.5), illite (ZPC < 3), and
goethite (ZPC: approximately 8). In comparison with Figure 6a, When the pH value is larger
than 5, the influence direction of NaCl concentration in Figure 6b on the H* release amount
on the IREO colloids surface is the same as that in Figure 6a. However, when the pH
value is smaller than 5, the influence of the salt in Figure 6b on the H* release/adsorption
on the surface of IREO colloids is massively changed. Similar phenomena occurred in
the acid-base titration curves of other clay minerals [32]. They showed that at a lower
ionic strength, the generation of positive charges on the surface of the clay colloids could
largely compensate for the permanent negative charges of the basal plane faces as the
pH of the suspension decreases. However, this point contradicts Equation (2) and fails
to clearly explain the source of positive charge generation on the mineral surface at low
salinity. Li et al. found on variable charge soil that when the salinity is low, the positive
and negative electric double layers on the mineral surface will partially overlap under the
action of electrostatic attraction, and this can lead to the excessive adsorption of ions from
the solution on the mineral surface [33]. It is speculated that the increase in H* adsorption
with the increase in salinity is related to the interaction between the positive and negative
surface charge electric double layers of minerals.
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Figure 7 shows the adsorption curves of K* and NO3;~ on IREO colloids with pH
change in two different concentrations of potassium nitrite solutions. Both K™ and NO3~
are electrostatically adsorbed on the negative and positive charge sites on the clay mineral
surfaces, respectively. Theoretically, as the solution pH increases, K* adsorption decreases,
while NO3 ™ adsorption increases. In addition, clay minerals in high-salinity solutions can
exhibit more adsorption of anions and cations under the same pH conditions. However,
in this experiment, the IREOs in low-salinity solutions exhibited more NO3;~ adsorption,
which can be attributed to the overlapping of the heterogeneous electric double layers. At
pH 4.5, the aggregation of IREO colloids is relatively weak (Figure 5), indicating a low
chance of overlap between heterogeneous electric double layers on the mineral surface.
This makes the NO3 ™ adsorption curve in Figure 7a show a trough at pH 4.5. In Figure 7b,
a decrease in K* adsorption with increasing pH is observed when pH is below 4. This
also indicates that the IREO surface exhibits a significant excess adsorption of K* under
acidic conditions. From Figure 7a, it can be inferred that the ion excess adsorption resulting
from the overlapping between positive and negative electric double layers is less than
5 mmol-kg . However, the K* adsorption in Figure 7b is higher than 50 mmol-kg~!. This
makes it difficult to represent the excess K* adsorption under low-salinity conditions in
Figure 7b. This suggests that the interaction between particles in IREOs affects the ion
adsorption properties of mineral surfaces. When the interaction between colloidal particles
is obvious, the agglomeration between the particles makes the electric double layer of
positive and negative charged surfaces overlap, which will promote the transfer of ions
from the solution to the mineral surface.

6 80
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Figure 7. The adsorption curves of K* and NO;~ on IREOs with pH change in two different
concentrations of potassium nitrite solutions. (a) NO3~ adsorption; (b) K* adsorption.

3.5. Effect of pH and Salinity on { Potential of the Rare Earth Ore’s Surface

The stability of the mineral colloidal dispersion in solution can be measured by ¢
potential. The higher the absolute value of  potential, the stronger the dispersion stabil-
ity of the colloidal system. Otherwise, aggregation occurs easily. Figure 8 presents the
curves of ( potential on the surface of IREO colloids in suspension with different NaCl
concentrations, which changes with pH value. The ( potential of all curves in the figure
is negative, indicating that the net surface charges of IREO colloids are all negative under
the experimental conditions. As the pH value of suspension decreases, the amount of
variable positive charge on mineral surface increases, and the ¢ potential of all curves
in Figure 8 moves forward accordingly. Theoretically, when the concentration of ions in
solution is increased, the absolute value of { potential on mineral surface will be reduced
by double layer compression. In Figure 8, the (—pH curves of the two suspension systems
(0.001 mol-kg~! NaCl and 0.01 mol-kg ! NaCl), are mostly coincident. Moreover, when
pH < 4, the absolute value of the { potential of the IREO colloids in 0.001 mol-kg~! NaCl
suspension is even slightly lower than that of 0.01 mol-kg~! NaCl system. It may be related
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to the stronger interaction between the double electric layers on the IREO colloids surface
under the condition of low ion concentration. This is consistent with the research results of
Li et al. [33]; the interaction between positive and negative charge electric double layers
under low concentration conditions will promote the ¢ potential on the surface of clay
minerals to move forward. Therefore, the influence of pH and NaCl concentration on the
surface charge properties of IREO colloids is not only related to the proton/deprotonation
behavior of the mineral surface by electrolyte concentration and pH value, but also needs
to consider the interaction between the positive and negative charge surface electric double
layers of the mineral.

0
—=— 0.1 mol-kg™! NaCl
—4A— 0.01 mol-kg™! NaCl
-204 —#— 0.001 mol-kg"' NaCl
>
=
E -40-
5
3
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Figure 8. { potential of the REO colloid after NaCl concentration and pH value disturbed.

3.6. Influence Mechanism of Solution pH and Salinity Disturbance on Ionic Rare Earth
Ore Aggregation

IREQ colloids aggregation is the result of interaction between mineral particles. In the
traditional analysis on the interaction between clay particles, the electrostatic repulsion
force between minerals, the van der Waals force between minerals, and the repulsion
force between the hydration membranes on the mineral surface are mainly considered.
Among them, the van der Waals force and the hydration repulsion force are mainly short-
range forces. In the process of IREO colloids aggregation, the electrostatic attraction
of positive and negative charge surfaces of minerals is apparent. When analyzing the
aggregation mechanism, we should include the electrostatic attraction between mineral
surfaces for analysis. In the low electrolyte concentration, the double electric layer on
the mineral colloid surface has a certain thickness, and the interaction between minerals
mainly considers the long-term electrostatic force. Due to the fact that there are positive
and negative charge sites on the surface of mineral IREO colloids, the electrostatic attraction
between minerals is strengthened, which is the main cause for mineral aggregation in low
electrolyte concentration. The resulting aggregates are relatively unstable, and vulnerable
to the influence of solution pH value and ion concentration. On the basis of the above
analysis, the effects of pH and electrolyte concentration on IREO colony aggregation can be
summarized as follows:

The effect of electrolyte concentration on the aggregation of IREO colloids is mainly
reflected in its effect on the thickness of the electric double layer. When the electrolyte
concentration is increased, the surface double electric layer compresses, which will reduce
the collision probability of the electric double layer on the surface of IREO colloids, thus
inhibiting IREO colloids aggregation.

The effect of pH value on the aggregation of IREO colloids is relatively complex.
On the one hand, the pH value of solution mainly affects the proton/deprotonation on
the mineral surface, which can affect the degree of mineral aggregation by changing the
variable positive and negative charges of minerals. For clay minerals mainly showing
negative charges, the lower the pH value, the more positive the charges on the mineral
surface, which means that the probability of aggregation of minerals by electrostatic phase
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Collision distance

force is enhanced. However, it is worth noting that when the variable positive and negative
charges on the mineral surface are similar, the interaction between positive and negative
charges between minerals will appear a relatively weak state, which is not conducive to
mineral aggregation. When the solution concentration is increased under this condition, the
electrostatic interaction between minerals will be further weakened due to the compression
of the double electric layer on the mineral surface, and the restriction of mineral aggregation
will be more obvious. On the other hand, due to the mineral aggregation, the electric double
layers with different charges will partially overlap and appear electric neutralization in the
overlapping area, which will affect the potential distribution in the double electric layer as
well as the change in the adsorption of solution H*, and also affect the mineral aggregation
behavior (Figure 9).

Electric double layer ~Overlapping area Countra-ion — Countra-ion from solution that compensate
for the neutralization charges
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o Vo Rt
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i+ ";‘: S
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N\ ++ 7 « D - X o
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a. Electric double layer on the IREO b. Electric double layer overlap c. Electric neutralization in the overlap
surface (untouched) after contact region leads to the outward shift of

the electric double layer boundary

Figure 9. The overlapping of the double electric layer on the IREO colloidal surfaces during agglomeration.

4. Conclusions

The fundamental cause for its generation is that electrostatic attraction between min-
eral heterogeneous charge surfaces increases the collision probability between particles
in a long range. The strength of the interaction between mineral grains affects the ion
exchange properties of the mineral surface. When the inter-mineral interactions are strong,
the mineral surface ion exchange process is not favored. This finding can provide a relevant
basis for the causes of rare earth mineralization and new ideas for the research on the
theoretical aspects of rare earth leaching.

In addition, the pH value and salinity of solution can affect the degree of electrostatic
attraction between positively charged and negatively charged surfaces, which affects the
degree of stability of the mineral aggregate structure. This conclusion will provide relevant
ideas to solve the migration phenomenon of ore particles during the leaching process.
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