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Abstract: The enrichment process of rare earth elements in ion-adsorbed rare earth ores and bauxite
is potentially related to the adsorption of rare earth elements by gibbsite. In this paper, lanthanum
and yttrium were selected as surrogates of light rare earth elements and heavy rare earth elements,
respectively. The effects of adsorption time, solution pH, and background electrolyte concentration on
the adsorption of rare earth ions by gibbsite were investigated through batch adsorption experiments.
The results showed that the adsorption of rare earth ions by gibbsite can approach equilibrium in
72 h. There is mainly electrostatic repulsion between gibbsite and rare earth ions at pH 4-7, and the
adsorption efficiency increases with the increase in solution pH value and background electrolyte
concentration. The adsorption process of rare earth ions by gibbsite is more consistent with the
pseudo-second-order kinetic and Langmuir single-layer adsorption models. Moreover, based on
the structural correlation between clay minerals and gibbsite, the causes for the differences in the
adsorption behaviors of rare earth elements on the minerals are discussed. The results of this study
help to understand the role of aluminum hydroxide in the migration and fate of rare earth elements
in epigenetic environments.

Keywords: gibbsite; rare earth element; adsorption; kinetics; thermodynamics

1. Introduction

Rare earth elements (REE) include 15 lanthanides as well as scandium (Sc) and yttrium
(Y). REE are usually divided into light rare earth elements (LREE, also known as the cerium
group) and heavy rare earth elements (HREE, also known as the yttrium group). LREE
range from lanthanum to europium. HREE range from gadolinium to lutetium, as well
as scandium and yttrium. Because of their unique properties, they have a wide range of
applications in energy, electronics, aerospace, materials and chemicals, which are listed
as critical raw materials by the European Commission [1-3]. The vital role in advanced
technology and economic development has led to an increasing demand for rare earth
resources. In order to alleviate the supply problem of rare earth resources, it is of great
significance to find new alternative sources of rare earth resources on a global scale [4].

As the main source of HREE, ion-adsorbed rare earth ores account for approximately
80% of the world’s reserves. They are mainly distributed in southern China [5]. Due to the
importance of ion-adsorption-type rare earth ores, the study of the adsorption of rare earth
ions on clay minerals has become a hot research area in recent years. Some clay minerals can
show good adsorption properties for rare earth ions, such as kaolinite and halloysite [6,7].
Borst et al. found through experimental studies that rare earth ions can be adsorbed on
clay minerals such as kaolinite in the form of inner- or outer-sphere complexes [8]. Some
studies suggest that the primary adsorption active sites during the adsorption of rare earth
ions by clay minerals are on the surface of the aluminum-oxygen octahedral layer [9].
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Ishida et al. compared the fluorescence lifetime and intensity of Eu** on kaolinite and
gibbsite through time-resolved fluorescence spectroscopy measurements. They found that
Eu®* can form an inner-sphere complex on the edge surface of the kaolinite’s aluminum-
oxygen layer under high pH, high background electrolyte concentration, and low Eu3*
concentration [10]. In addition, by comparing the structures of clay minerals such as
kaolinite and montmorillonite with that of gibbsite, it was found that whether 1:1 or 2:1
type clay mineral, its aluminum—oxygen octahedral layer structure is similar to that of
gibbsite [11], and this is why the aluminum-oxygen octahedral layer of clay mineral is often
called the “gibbsite” layer. Therefore, exploring the adsorption behavior of rare earth ions by
gibbsite will help to explain the adsorption mechanism of rare earth ions on clay minerals.

At the same time, REE are also enriched in bauxite, which have been discovered by
more and more exploration studies in recent years [12-14]. The REE in some bauxite ores
can even reach the industrial mining grade and have colossal resource potential. Specifically,
the REE in those bauxite show the characteristics of being more enriched in LREE [15-18].
For example, the aluminum mineral in the bauxite deposit of Yongjiang basin (SW China)
is dominated by gibbsite, in which the average content of REE is 763 ppm, with prominent
light rare earth enrichment characteristics [19]. The Las Mercedes bauxite deposit in the
Dominican Republic mainly comprises gibbsite, clay minerals, and iron minerals, where
the REE concentration is generally higher than 1400 ppm [20]. The Samar Island bauxite
in the Philippines is mainly composed of gibbsite, boehmite, and iron minerals, with
concentrations of REE ranging from 369 ppm to 634 ppm [17]. The aluminum minerals in
the bauxite deposits of the Zagros Mountain Belt in Iran are mainly boehmite and gibbsite
and a REE content of up to 730 ppm [21]. At present, there have been many speculations
on the reason for the enrichment of REE in bauxite. However, the interaction mechanism
between aluminum hydroxide minerals and rare earth ions in bauxite is not yet precise.
Since the surface of gibbsite is very rich in oxygen and hydroxyl functional groups, studies
have confirmed that gibbsite has a specific adsorption capacity for metal ions [22-24], and
it is possible that the gibbsite can also adsorb rare earth cations. Therefore, exploring the
adsorption of rare earth ions by aluminum hydroxide minerals will help to understand
the interaction between aluminum hydroxide minerals and REE in bauxite and then has a
guiding significance for explaining the enrichment and differentiation mechanism of REE
in bauxite.

In this paper, lanthanum and yttrium as surrogates of LREE and HREE were selected,
respectively. Then, a batch experiment method was used to explore the effects of adsorp-
tion time, solution pH, background electrolyte concentration, and initial rare earth ion
concentration on the adsorption of rare earth ions by gibbsite. Finally, the kinetic and
thermodynamic model fitting analyses were proceeded, and a preliminary discussion
on the adsorption mechanism was conducted. Based on experimental exploration of the
adsorption behavior and mechanism of REE on gibbsite, a preliminary understanding of
the role of gibbsite in the enrichment process of REE in bauxite would be obtained.

2. Materials and Methods
2.1. Characterization of Samples

The phases of the sample were analyzed using a powder X-ray diffractometer with
PIXcel®P detector (Empyrean, PANalytical, Almelo, The Netherlands). The scanning mode
is continuous, scanning range is 4~80° (20), the scan speed is 0.22° /s and the total scanning
time is approximately 6 min, and Cu-K« (A = 0.154 nm) radiation is used to measure at
40 kV and 40 mA.

The morphology of the samples was observed using a field emission scanning electron
microscope (SCIOS, FEI Company, Hillsboro, OR, USA). The accelerating voltage is 2 kV.
Before the test, the ethanol dispersion of the sample was dropped onto the monocrystalline
silicon wafer, and then dried naturally. Finally, the sample was sprayed with gold.

The sample’s point of zero charge was determined using a fully automatic poten-
tiometric titrator (T50, Mettler-Toledo, Greifensee, Switzerland) equipped with a glass
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electrode (DGill-SC, Mettler-Toledo). 120 mL of NaNOj solution with concentrations of
0.05 and 0.5 mol/L was poured into a 250 mL conical flask containing 3 g of gibbsite. Then,
the flask was shaken in a shaker at 25 °C at 200 revolutions per minute (rpm) for 72 h. After
shaking, 100 mL of the suspension was added into a titration cup and vented with argon
gas until the suspension pH remained unchanged. Subsequently, 0.1 mol/L HNOj3 solution
was used to adjust the suspension pH to below 3. After the pH is stable, the suspension
was slowly titrated to pH = 11 with 0.1 mol/L NaOH. The intersection of the suspension’s
titration curves with different background electrolyte concentrations is the point of zero
charge (PZC) of the sample.

2.2. Adsorption Experiment

The gibbsite sample was purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China). La(NO3)3, Y(NOs3)3, and arsenazo III were purchased from
Aladdin Scientific Corp. (Cambridge, UK).

For the batch adsorption experiment, a certain amount of La(NO3)3 or Y(NOj3)3 so-
lution was poured into a 50 mL stoppered conical flask containing the gibbsite sample.
The solid/liquid ratio is 2 g/20 mL, and the initial concentration of rare earth ions is
3.5 x 10~* mol/L. Use 0.1 mol/L NaOH and HNOj to adjust the solution pH. In order
to prevent the precipitation of rare earth ions and the dissolution of gibbsite in alkaline
solutions, the pH of the solution was selected as 4, 5, 6, and 7 in the experiment. Different
amounts of NaNOs3; were added to control the background electrolyte concentration (0.005,
0.050, 0.500 mol/L). The conical flask was sealed and shaken in a shaker at 25 °C and
200 rpm, and then the suspension was filtered through a polyethersulfone (PES) membrane
with a pore size of 0.45 um. The concentrations of rare earth ions in the filtrate were
measured using spectrophotometry with arsenazo III [25,26] and calculated by measuring
the absorbance at 652 nm with a UV-visible spectrophotometer (UV-vis, Carry 300, Agilent
Technologies, Santa Clara, CA, USA). A working curve on the relationship between UV-vis
absorbance and REE concentration was measured before each batch of sample testing. For
each working curve, R? should be greater than 0.995.

When the adsorption time is ¢, the adsorption efficiency A; (%) for rare earth ions on
gibbsite is:

Ap = =S 100% 1)
Co
where Cj is the initial concentration of REE (mol/L); C; is the concentration of the unad-
sorbed REE (mol/L) when the adsorption time is t. When adsorption reaches equilibrium,
Ct = C,. When the adsorption time is t, the adsorption capacity Q; (mg/g) is:

Q= MG =C) @

m
where V is the volume of solution (mL); M is the moplar mass of rare earth ions (g/mol); m
is the mass of gibbsite (g). When adsorption reaches equilibrium, Q; = Q. at t = ¢,.

2.3. Adsorption Kinetics

The initial REE concentration was 3.5 x 1074 mol/L, the initial pH was 7, and the
background electrolyte concentration was 0 mol/L. The experimental data within 2 h
after the beginning of adsorption were used for the fitting according to pseudo-first-order
kinetics and pseudo-second-order kinetics models [27,28]. The nonlinear forms of the
pseudo-first-order and pseudo-second-order models are shown in Equations (3) and (4),
respectively.

Qi = Qe(1-e7h) ®

ko Q3t

= k00

(4)



Minerals 2023, 13, 1530

40f12

where Q; and Qe (mg/g) are the adsorption capacities of REE by gibbsite at the time ¢ and
equilibrium, respectively. k1 (1/h) and k; (g/(mg-min)) are the adsorption rate constants of
pseudo-first-order kinetics and pseudo-second-order kinetics, respectively.

2.4. Adsorption Isotherm and Thermodynamics

The adsorption isotherms of La%* and Y3* by gibbsite were obtained through batch
experiments. The initial rare earth ion concentrations were 2 x 1074,3 x 107%,4 x 1074,
6x107%,8x 107410 x 1074, 12 x 1074, and 14 x 1074 mol/L, respectively. The initial
suspension pH is 7; the background electrolyte concentration is 0 mol/L; the adsorption
time is 72 h. By calculating the adsorption capacities of REE by gibbsite under different
initial rare earth concentrations, the adsorption isotherm was obtained and then fitted
using the Langmuir and Freundlich models [29,30].

The Langmuir model describes single-layer adsorption on a uniform surface, and the

linear expression is:
[
Qe KQmax Qmax
where Ce is the equilibrium concentration of La®* or Y3*, mg/L; Qe is the adsorption
capacity, mg/g; K is the Langmuir constant, L/mg; Qmax is the maximum adsorption
capacity, mg/g.
The Freundlich adsorption isotherm is an empirical formula summarized based on a
large amount of experimental data. It is suitable for multi-molecular layer physisorption
on non-uniform surfaces. The linear expression is:

©)

1
1gQe = IgKF + ;lgce (6)
where K is the Freundlich adsorption coefficient, and 7 is a constant.

3. Results and Discussions
3.1. Characterization of Gibbsite Samples

The X-ray diffraction pattern of the gibbsite sample is shown in Figure 1. It can be
seen from the figure that no other phases except gibbsite are found within the detection
range, the characteristic peaks are sharp and narrow, and the sample has good crystallinity.
From the scanning electron microscope images of the gibbsite sample (Figure 2), it can be
seen that the gibbsite exhibits a typical layered structure. By comparing the morphology of
the gibbsite sample before and after the adsorption of REE, it is found that no noticeable
changes have occurred in the morphology of the gibbsite.

When the surface charge of a mineral solid is zero, the suspension’s pH is the point of
zero charge (PZC), and the PZC of an oxide or hydroxide with a uniform surface charge does
not change with the background electrolyte concentration [31]. The potentiometric titration
curves of the gibbsite under different background electrolyte concentrations (Figure 3)
show that the PZC of the gibbsite sample (i.e., the pH at the intersection of the titration
curve) is 10.

3.2. Effect of Adsorption Time

Under the conditions of pH 7 and no added background electrolyte, the adsorption
efficiency of REE by gibbsite changes with the adsorption time, as shown in Figure 4. The
adsorption efficiency surges within the first 2 h and then increases slowly until it approaches
equilibrium at 72 h. At 72 h, the adsorption efficiencies of La** and Y3* by gibbsite are
approximately 70% and 65%, respectively, indicating that the adsorption capacity of gibbsite
for LREE is higher than that of HREE. This phenomenon is consistent with the fact that the
LREE are more abundant in bauxite [19]. The subsequent adsorption experiments in this
study are all conducted for 72 h.
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Figure 1. X-ray diffraction pattern of gibbsite sample.

Figure 2. Scanning electron microscope images of gibbsite samples ((a,b) Gibbsite; (c) Gibbsite after

the adsorption of La%*; (d) Gibbsite after the adsorption of Y3*).
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Figure 3. Potentiometric titration curves of gibbsite suspensions under different background elec-

trolyte concentrations.
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Figure 4. Variations in the adsorption efficiencies of La3* and Y3* on gibbsite with time.

3.3. Effect of pH and Background Electrolyte Concentration

The effects of solution pH and background electrolyte concentration on adsorption
are shown in Figure 5. The adsorption behaviors of La*>* and Y** show similar patterns.
Under the same pH conditions, the adsorption efficiency of rare earth cations by gibbsite
rises with the increase in background electrolyte concentration; under the same back-
ground electrolyte concentration, the adsorption efficiency shows an increasing trend as
the pH ascends.

100 100
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Figure 5. Effects of solution pH and background ion concentration on the adsorption efficiency of
La3* (left) and Y3* (right) on gibbsite.

According to the results of potentiometric titration, the PZC of gibbsite is approxi-
mately 10. Therefore, the surface of gibbsite is positively charged due to the protonation
effect at pH between 4 and 7. Meanwhile, lanthanum and yttrium mainly exist in the
solution in the form of trivalent cations within this pH range. So there is electrostatic
repulsion between rare earth cations and gibbsite. As the pH increases, the number of
positive charges on the gibbsite surface gradually decreases, and the electrostatic repulsion
between the adsorbate and the adsorbent also decreases, which is beneficial to the approach
of these cations to the surface. On the other hand, the H* concentration decreases with the
increasing pH, and the competitive adsorption of hydronium ions with rare earth cations
weaken, which is also conducive to the adsorption of rare earth ions by gibbsite. The effect
of background electrolyte on adsorption may be attributed to the fact that the increase in
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background electrolyte concentration in the solution will compress the electric double layer
on the surface of gibbsite, weaken the electrostatic repulsion between gibbsite and rare
earth ions, and promote the adsorption between gibbsite and REE. These phenomena are
similar to the adsorption behavior of gibbsite to other metal cations [32-34].

3.4. Adsorption Kinetics

The adsorption kinetics of La** and Y** by gibbsite were analyzed based on pseudo-
first-order and pseudo-second-order models, shown in Figure 6. The kinetic parameters
were calculated separately according to the fitting equations, and the results are listed in
Table 1. By comparing the correlation coefficients of pseudo-first-order and pseudo-second-
order kinetic equations, it was found that the pseudo-second-order kinetic model can better
fit the adsorption process of La** and Y3* on gibbsite. According to the assumptions of the
pseudo-second-order kinetic model, the adsorption rate of rare earth ions by gibbsite is
jointly affected by the concentration of rare earth ion and the amount of gibbsite during the

adsorption process.

v~ 2 = . 0.3 N
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s Y Y
0'0 1 ] ] 0'0 ] . 1 ¥ ] ¥ T » ] b ]
0 20 40 60 80 0 20 40 60 80 100 120
t(h) t(min)
Figure 6. Pseudo-first-order (left) and pseudo-second-order (right) kinetic fittings of the adsorption
of La%* and Y3* on gibbsite.
Table 1. Fitting parameters of kinetic model for the adsorption of La3* and Y3* on gibbsite.
Pseudo-First-Order Kinetics Model Pseudo-Second-Order Kinetics Model
Kinetics Model -
Qe/(mg-g—1) k1/(1/h) R? Qe/(mg-g~1)  ky/(g/mg-min—1) R?
La 0.3183 4.0353 0.9930 0.3247 2.1907 0.9999
Y 0.1909 5.6090 0.9942 0.1584 4.9150 0.9987

3.5. Adsorption Isotherms and Thermodynamics

Figure 7 shows the adsorption isotherms of La*>* and Y** by gibbsite. The equilibrium
adsorption capacities of rare earth ions by gibbsite increase sharply at low equilibrium con-
centrations of REE, and then these isotherms tend to flatten at higher cation concentrations,
which suggest the approaching of equilibrium.

The adsorption isotherms are fitted based on the thermodynamic equilibrium model,
and the resulting graph is shown in Figure 8. The thermodynamic parameters were
calculated based on the linear fitting expressions listed in Table 2. By comparing the
correlation coefficients (R?) of the fitting results, it is found that the adsorption processes of
La%* and Y** on gibbsite are both more consistent with the Langmuir model. Hence, the
adsorption process is probably a single-layer adsorption. This is consistent with previous
speculations about the formation of inner-sphere complexes between gibbsite and rare
earth ions [10]. Therefore, according to the fitting parameters of the Langmuir model,
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it can also be seen that the maximum adsorption capacity (Qmax) of gibbsite for La3*
is approximately 424.9 ppm, and the maximum adsorption capacity (Qmax) for Y3* is
approximately 261.4 ppm. The adsorption amount of La®* by gibbsite is more significant
than that of Y3*, probably because La®* has a larger hydrated ionic radius than Y3*. Cations
in solution usually exist in the form of hydrated ions. For rare earth cations, light rare
earth cations are generally nine-coordinated, while heavy rare earth cations tend to be
eight-coordinated [8,35,36], making La%* have a larger hydrated ionic radius than Y3*
radius (2.52 A for La-O distance and 2.36 A for Y-O distance) [37]. Therefore, the surface
charge density of La®" is lower than that of Y3*, and the electrostatic repulsion between
La3* and the mineral surface is weaker than that of Y3*, which is more conducive to the
adsorption of La®>* compared with Y3*.
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Figure 7. Adsorption isotherms of rare earth cations adsorbed by gibbsite.

400 4

w

>

(=]
1

C/Q(gL"
~N
S

100

v M L] v ] M T M L] !
40 60 80 100 120 140 160 -0.5 0.0 0.5 1.0 1.5 2.0 25

C (mgL") logC,

Figure 8. Linear fittings of the adsorption isotherms of La3* and Y3* on gibbsite with the Langmuir
thermodynamic model (left) and the Freundlich thermodynamic model (right).

3.6. Comparison with Adsorption Behavior of Clay Minerals

Clay minerals are usually composed of silicon-oxygen tetrahedral sheets and aluminum—
oxygen octahedral sheets. The structure of the aluminum-oxygen octahedral sheets in
clay minerals and gibbsite is similar. It is generally considered that the activity of the
silanol group is weak (SiOH = SiO~ + H*, IgK at 25 °C is —7.7 for kaolinite and —7.9 for
montmorillonite [9]). However, the enrichment capacities of clay minerals for REE [38] are
significantly higher than that of gibbsite.
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Table 2. Fitting parameters of the thermodynamic models for the adsorption of La3* and Y3*

on gibbsite.
Langmuir Model Freundlich Model
Thermodynamic Model
Qmax/(mg-g1) K/(L-mg~1) R? Ky 1Un R?
La 0.4249 0.0517 0.9964 0.2739 0.0848 0.9456
Y 0.2614 1.0821 0.9936 0.2207 0.0388 0.6537

Take kaolinite as an example, which is a 1:1 type clay mineral and the main occurrence
mineral of REE in ion-adsorbed rare earth minerals. Since the isomorphous substitution
in the structure is very deficient, it is generally considered to possess little permanent
charge, and its active sites for adsorption are mainly surface hydroxyl groups (silanol and
aluminol groups). According to our experimental results, the gibbsite’s point of zero charge
is approximately 10, so the surface of gibbsite is positively charged within the pH range
from 4 to 7. From the structure of clay minerals, it can be inferred that the combination of
silicon-oxygen sheets makes the structure layers more electronegative. It can be confirmed
from the PZCs of kaolinite and montmorillonite (usually <3) [39], which are both higher
than gibbsite. This may be one of the reasons for the difference in adsorption behavior of
rare earth cations between gibbsite and clay minerals.

On the other hand, other common clay minerals in supergene environments such as
montmorillonite and illite have permanently negative charges due to isomorphic substitu-
tion in the mineral structure (low-valent cations such as AI** or Mg?* replace high-valent
cations such as Si** and AI** in the lattice) [40], which can electrostatically attract rare earth
cations in a weakly acidic environment and then form surface complexations [41,42]. On
the contrary, the gibbsite generally has little permanent negative charge in the layers, and it
can be deduced from the adsorption experiment that there is electrostatic repulsion between
gibbsite and rare earth ions in a weakly acidic environment. So, the adsorption capacities
of REE by clay minerals are significantly more than that of gibbsite. In addition, there
are exchangeable interlayer cations in some clay minerals (such as montmorillonite). The
interlayer cations can exchange with rare earth ions in the solution during the adsorption
process, which is also benefits the adsorption of rare earth ions [43].

It can be seen that unlike gibbsite, the surface of clay minerals is overall negatively
charged at weakly acidic pH, and there is electrostatic attraction between it and rare earth
cations. Therefore, as the background ion concentration increases, the adsorption capacity
decreases; as the pH increases, the protonation effect weakens, and the variable negative
charge increases, so the adsorption capacity increases.

4. Conclusions

This paper used batch experiments to explore the adsorption behaviors of REE on
gibbsite. The adsorption efficiencies of rare earth ions surge within the first 2 h, then increase
slowly until close to equilibrium at 72 h. According to the results of potentiometric titration
experiments, the interaction between gibbsite and rare earth ions is mainly electrostatic
repulsion within the pH range of this study, and the adsorption capacity of rare earth ions
rises with the increase in pH and background electrolyte concentration in the solution.
These may suggest that rare earth ions may form an inner-sphere complex with the surface
aluminols of gibbsite. Through model fitting of the kinetics and thermodynamics of the
adsorption process, it was found that the adsorption process of rare earth ions by gibbsite
is more consistent with the pseudo-second-order kinetic model and the Langmuir single-
layer adsorption model. The adsorption capacity of light rare earths by gibbsite is higher
than that of heavy rare earths, possibly because light REE have larger hydrated ionic
radii. This phenomenon is consistent with the fact that LREE are more enriched than
HREE in bauxite. Therefore, based on the experimental results, gibbsite may contribute
to the enrichment and differentiation process of REE in bauxite. Moreover, clay minerals
are generally more negatively charged, resulting from the combination of silicon-oxygen



Minerals 2023, 13, 1530 10 of 12

sheets and the isomorphic substitution in the layers compared with gibbsite, which causes
the high capacity of REE adsorbed on clay minerals. The results of this study would
help to understand the role of aluminum hydroxide in the migration and fate of REE in
epigenetic environments.
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