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Abstract: The direct discharge of rare earth wastewater causes the waste of resources and heavy metal
pollution. This paper compared the adsorption behaviors of lanthanide ions on bentonite under
sulfate and nitrate systems by examining the factors affecting the adsorption, such as adsorption time,
pH, background electrolyte concentration, and initial rare earth ion concentration. It was shown that
the sulfate system was more favorable for the adsorption of rare earth ions on the bentonite surface.
The maximum adsorption capacity in the sulfate system was about 1.7 times that in the nitrate system.
In contrast, the adsorption under the nitrate system was more sensitive to the changes in pH and
background electrolyte concentration. The adsorption processes under both systems are spontaneous
physical adsorption processes (∆Gθ are from −27.64 to −31.48 kJ/mol), and both are endothermic
(∆Hθ are 10.38 kJ/mol for the nitrate and 7.53 kJ/mol for the sulfate) and entropy-increasing (∆Sθ are
61.54 J/mol for the nitrate and 76.24 J·mol−1 for the sulfate) processes. This study helps to provide
information about the optimizing process parameters for the adsorption treatment of rare earth
wastewater using bentonite.

Keywords: rare earth element; bentonite; sulfate; nitrate; adsorption; thermodynamics; kinetics

1. Introduction

Rare earth elements include the 15 lanthanides with atomic numbers ranging from 57
to 71, as well as scandium and yttrium. Due to their unique and diverse electronic prop-
erties [1], rare earth elements have various applications in many industrial and high-tech
fields, such as metallurgy [2], catalysis [3], ceramics [4], permanent magnet materials [5],
superconducting materials [6], and weapons [7]. Many countries recognize them as critical
metallic elements with strategic significance [8].

The ores mainly used to produce rare earth elements include independent rare earth
minerals (e.g., monazite, bastnasite, and xenotime) and ion-adsorbed rare earth minerals [9].
In addition, deep-sea sediments, phosphorites, bauxites, and tailings (e.g., red mud and
phosphogypsum) are potential sources for rare earth extraction [10]. Regardless of the
type of ores used as raw materials, large quantities of wastewater containing specific
concentrations of rare earth elements are generated during production processes such as
mining, beneficiation, separation, smelting, and processing [11,12]; e.g., mine drainage
from the Wisniowka mine in Poland contained 24,800 µg/L of rare earth ions [13]. The
direct discharge of the wastewater containing rare earth cations will result in the waste of
resources and the formation of heavy metal pollution.

Numerous conventional techniques (e.g., precipitation [14], flotation [15], and coagu-
lation/flocculation [16,17]) and new methods (e.g., ultrafiltration/nanofiltration [18–20],
biosorption [21], electrodialysis [22], and photocatalysis [23]) are used for the removal of
heavy metals from wastewater. Like other heavy metal pollution treatment methods, rare
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earth elements can be treated and recovered from wastewater by chemical, physicochemi-
cal, and biological methods [24–26]. However, adsorption is widely used in treating heavy
metals in wastewater, which also contains rare earth ions, as a method that combines many
advantages, such as being cost-effective, selective, and effective in separating pollutants at
low concentrations [27–31].

There are many types of adsorbents used for the adsorption treatment of heavy metals
in wastewater, e.g., activated carbon [32], zeolite [33], resin [34], biomass [35,36], clay
mineral [37], and inorganic–organic composites [38]. Bentonite is a natural adsorbent
with a high adsorption capacity and a low price. Bentonite is composed primarily of
the clay mineral montmorillonite, which comprises two silicon–oxygen tetrahedral sheets
sandwiched with an aluminum–oxygen octahedral sheet to form a 2:1 type layer. These
layers are stacked to form the basic layered structure of montmorillonite. The layers are
negatively charged because there are often isomorphic substitutions in montmorillonite
layers (e.g., Mg2+ replaces Al3+ in octahedral sheets, and Al3+ replaces Si4+ in tetrahedral
sheets). There are hydrated cations, such as calcium or sodium, between the layers, which
balance the negative charges of the layer [39,40]. This structure endows montmorillonite
with a good swelling and ion exchange capacity, resulting in an excellent adsorption and
removal efficiency of many cationic pollutants, including heavy metals [41–44].

Some researchers have discussed the influencing factors and adsorption mechanism
of removing or recovering rare earth elements using bentonite. Coppin et al. analyzed
the adsorption of a mixed solution containing 14 rare earth elements on montmorillonite
and kaolinite. They found that ionic strength is a vital adsorption factor in addition to
the surface properties of clay minerals and pH. Especially under high ionic strength, a
fractionation of light and heavy rare earth elements occurs [45]. Alshameri et al. compared
the adsorption behavior of four clay minerals, including montmorillonite, for the light
rare earth element lanthanum and the heavy rare earth element ytterbium, as well as the
differences in leaching behavior after adsorption. Notably, they found that ammonium
ions would cause an increased pH and reduce the ion-exchanged rare earth elements [46].
At the same time, other researchers hope to improve the adsorption efficiency of rare
earth elements in wastewater by modifying bentonite. Fang et al. investigated the factors
affecting the adsorption of rare earth elements by sulfuric acid-modified montmorillonite,
as well as the kinetics and thermodynamics of the adsorption process [47]. Wang discussed
the adsorption behavior of five rare earth ions on montmorillonite loaded with zero-valent
iron nanoparticles and found that the adsorption mechanism is the combination of ion
exchange and surface complexation [48].

In addition, rare earth wastewater usually contains a large amount of sulfate, which
comes from three primary sources. (1) The acid-leaching process of rare earth minerals
may use a large amount of sulfuric acid [49]. (2) The leaching process of ion-adsorbed
rare earth deposits uses a large amount of sulfate as a leaching agent [50]. (3) The pyrite
associated with rare earth ores [51,52] is easily oxidized to generate sulfate during min-
ing and processing. Many studies have found that sulfate has a significant impact on
the adsorption process of heavy metals. For example, Cheira explored the adsorption
performance of Th(IV) on poly(sulfonamide)/nano-silica composites in sulfate solution,
and the adsorption process conformed to the pseudo-second-order kinetic model and the
Langmuir adsorption isotherm model [53]. Liu et al. investigated the effect of sulfate on
the adsorption/desorption behavior of copper ions on the ferrihydrite surface. They found
that sulfate contributes to the adsorption of copper ions and controls copper speciation [54].
Gu et al. analyzed the effect of sulfate on the adsorption, desorption, and fractionation of
rare earth elements on the surfaces of kaolinite and ferrihydrite. They found that sulfate
had a negligible effect on the adsorption and fractionation of rare earth elements on the
surface of kaolinite. However, it contributed to rare earth desorption from the kaolinite
surface [55]. However, there needs to be more systematic research on the effect of sulfate
on the adsorption of rare earth cations by bentonite.
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This paper used lanthanum as a surrogate of rare earth elements to compare the
differences in the adsorption behavior of lanthanum by bentonite with sulfate and nitrate.
By examining the effects of time, pH, background electrolyte concentration, and initial
rare earth ion concentration on the adsorption process, and combining adsorption kinetic
and thermodynamic model fitting analysis, we speculated on the different adsorption
mechanisms of lanthanum cations by bentonite in nitrate and sulfate systems. This study
provides information about the parameter optimization of the adsorption process by
bentonite for rare earth wastewater treatment.

2. Materials and Methods
2.1. Minerals and Reagents

The bentonite sample came from Inner Mongolia, China. The sample was washed,
crushed, ground, gravity-settled, and dried at 50 ◦C for characterization and subsequent
experiments. The sample’s cation exchange capacity (CEC) was 90.3 mmol/100 g using the
ammonium exchange method [56].

Lanthanum nitrate (La(NO3)3) and azoarsine III ((HO)2C10H2(SO3H)2(N=NC6H4AsO3H2)2)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Both were AR reagents and were used as received without further purification.

2.2. Characterization of Bentonite Sample
2.2.1. Phase

The sample phases were measured using an X-ray powder diffractometer (Empyream,
PANalytical, Almelo, The Netherlands). The sample was ground to about 40 µm and then
placed on the sample holder for testing. The test was performed using Cu-Kα (λ = 0.154 nm)
radiation at a tube voltage of 40 kV and a tube current of 40 mA. The scanning range was
4–70◦ (2θ); the detector was PIXcel3D (PANalytical, Almelo, The Netherlands), the scanning
speed was 0.22◦ per second, and the total scanning time was 5 min.

2.2.2. Thermal Analysis

Thermogravimetric analysis was performed on a simultaneous thermal analyzer (STA
449 F3 Jupiter, Netzsch, Selb, Germany). Approximately 10 mg of the sample was added
to an alumina crucible. The mass loss was determined at 40–1200 ◦C under a purge of
high-purity argon (99.999%) at a gas flow rate of 60 mL/min, and a protective argon gas
(99.999%) at a gas flow rate of 20 mL/min, with a ramp rate of 10 ◦C/min.

2.2.3. Chemical Composition

The major elements of the sample were dried at 80 ◦C, prepared using the fusion
bead method, and tested on an X-ray fluorescence spectrometer (X-RARL Perform’ X 4200,
Thermo Scientific, Waltham, MA, USA). The sample, ball-milled to less than 75 µm, was
mixed with flux and release agent and then melted at 1200 ◦C for 10 min to prepare a glass
disc for a test. The X-ray tube voltage was 50 kV, and the current was 50 mA. The relative
standard deviation of the repeatability was better than 0.1%.

2.2.4. Morphology

A scanning electron microscope (Scios, FEI, Sunnyvale, OR, USA) observed the sam-
ple’s morphology. The ethanol suspension of the mineral powder was dropped onto the
single-crystal silicon wafer and then air-dried. The test was conducted after spraying with
a carbon film. The test acceleration voltage was 2 kV.

2.2.5. Particle Size

A particle size analysis of the samples was performed on a laser particle size analyzer
(Omni, Brookhaven Instruments, New York, NY, USA). A total of 0.01 g of sample was
dispersed in 20 mL of deionized water to make a suspension, which was poured into a
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square polystyrene cell and tested at 659 nm. The scattering angle was 90◦, the count rate
was 522.5 kcps, and the equilibration time was 30 s.

2.2.6. Specific Surface Area and Pore Structure

The specific surface area and pore structure of the sample were measured on an auto-
matic specific surface area and porosity analyzer (Autosorb-iQ2, Quantachrome, Gainesville,
FL, USA) at 77 K. Before testing, about 100 mg of bentonite powder was added into the
sample tube and vacuum-degassed at 250 ◦C for 6 h. The specific surface area was cal-
culated using the multi-point Brunauer–Emmett–Teller (BET) method based on the data
between the relative pressure P/P0 = 0.05 − 0.35 [57]. The total pore volume and pore
distribution were fitted using the nonlocal density functional theory (NLDFT) model for
slit pores based on the data between the relative pressure P/P0 = 10−7 − 1 [58].

2.2.7. Point of Zero Charge

The sample’s point of zero charge was measured using an automatic potentiometric
titrator (T50, Metter Toledo, Columbus, OH, USA) equipped with a glass electrode (DGill-
SC, Metter Toledo). A total of 120 mL of deionized solution was added to a 250 mL
Erlenmeyer flask containing 60 mg of bentonite powder. Then, the suspension was shaken
at 200 revolutions per minute (rpm) and 25 ◦C in a thermostat shaker for 24 h. After
preparing the suspension similarly, a supernatant was obtained by filtering the suspension
using a polyethersulfone (PES) membrane with a pore size of 0.45 µm. A total of 100 mL of
suspension or supernatant was dispensed to a titration cup, and the liquid was ventilated
with argon gas until the pH remained unchanged. A total of 0.1 mol/L HNO3 solution was
used to adjust the pH of the liquid to below 3. After the pH value was stable, 0.1 mol/L
NaOH was slowly titrated into the liquid until pH = 11. The intersection of the suspension
and supernatant titration curves was the sample’s point of zero charge.

2.2.8. ζ Potential

The ζ potential of the sample was measured using a zeta potential analyzer (Omni,
Brookhaven Instruments, New York, NY, USA). A total of 100 mL of 0.05 mol/L Na2SO4
(or NaNO3) solution was added into a beaker containing 50 mg of sample to prepare a
suspension. The suspension was divided into five aliquots, and 0.1 mol/L H2SO4 (or
HNO3) and NaOH solution were used to adjust the pH of the suspensions to the specified
pH. A small amount of suspension of each pH was taken into a polystyrene cuvette for
three consecutive tests.

2.2.9. Infrared Spectroscopy

The infrared spectra of the samples before and after adsorption were measured using
a Fourier transform infrared (FTIR) spectrometer (Vertex 70, Bruker, Ettlingen, Germany),
equipped with an attenuated total reflection accessory (GladiATR, PIKE Technologies,
Madison, WI, USA), scanning in a range of 400–4000 cm−1 at a resolution of 1 cm−1.

2.3. Adsorption Experiment

A specific concentration of lanthanum nitrate and sodium sulfate (or sodium nitrate)
solution was poured into a 50 mL stoppered Erlenmeyer flask containing bentonite powder,
with a solid–liquid ratio of 0.01 g/20 mL. The suspension was adjusted to the specified
pH value using different concentrations of NaOH and H2SO4 (or HNO3). After sealing
the Erlenmeyer flask, it was placed in a shaker and operated at 200 rpm and a specific
temperature for a predetermined time, and then the suspension was filtered through a
PES membrane with a pore size of 0.45 µm. The concentration of rare earth ions in the
filtrate was measured using quartz cuvettes with azoarsena III spectrophotometry [59,60],
and calculated according to the absorbance at 652 nm with an ultra-violet visible (UV-vis)
spectrophotometer (Carry 300, Agilent Technologies, Santa Clara, CA, USA).
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The adsorption efficiency (At, %) of bentonite for lanthanum cations is calculated
according to Equation (1):

At =
C0 − Ct

C0
× 100% (1)

where C0 is the initial concentration of the rare earth element (mol/L), and Ct is the rare
earth element concentration (mol/L) in the supernatant when the adsorption time is t [46].

The adsorption capacity (Qt, mg/g) of bentonite for lanthanum cations was calculated
according to Equation (2):

Qt =
VM(C0 − Ct)

m
(2)

where V is the volume of the suspension (mL), M is the molar mass of lanthanum (138.9 g/mol),
m is the mass of bentonite (g), and C0 and Ct are as mentioned above [46].

The adsorption kinetics was fitted using pseudo-first-order kinetics and pseudo-
second-order kinetics models, and the nonlinear forms of the models are shown in
Equations (3) and (4), respectively.

Qt = Qe

(
1 − e−k1t

)
(3)

Qt =
k2Q2

et
1 + k2Qet

(4)

where Qt and Qe are the adsorption capacities of La3+ at time t and equilibrium (mg/g),
respectively. k1 (1/h) and k2 (g/(mg·min)) are the adsorption rate constants of pseudo-first-
order kinetics and pseudo-second-order kinetics, respectively [61].

The adsorption isotherm was fitted using the Langmuir and Freundlich models.
The Langmuir model describes single-layer adsorption on a uniform surface, and its

linear expression is:
Ce

Qe
=

1
KLQmax

+
Ce

Qmax
(5)

where KL is the Langmuir constant (L/mg), Ce is the equilibrium concentration of La3+

(mg/L), and Qe and Qmax are the equilibrium and maximum adsorption capacity (mg/g),
respectively [62].

The Freundlich adsorption isotherm is an empirical formula summarized based on
a large amount of experimental data. It is suitable for multi-molecular layer physical
adsorption on non-uniform surfaces. Its linear expression is:

lgQe = lgKF +
1
n

lgCe (6)

where Qe is the equilibrium adsorption capacity (mg/g), KF is the Freundlich adsorption
coefficient, n is a constant, and Ce is the equilibrium concentration of La3+ (mg/g) [62].

The thermodynamic parameters of the adsorption process, such as the standard Gibbs
free energy (∆Gθ , kJ/mol), are calculated based on the isotherm model parameters:

∆Gθ = −RTlnK (7)

where R is the gas constant (8.314 J/(mol K)), T is the thermodynamic temperature (K), and
K is a constant (like KL in the Langmuir equation) [63].

The standard enthalpy change (∆Hθ , kJ/mol) and standard entropy change (∆Sθ ,
kJ/mol) of the adsorption process are calculated by fitting according to Equation (8):

∆Gθ = ∆Hθ − T∆Sθ (8)

where ∆Gθ is the standard Gibbs free energy (kJ/mol), and T is the thermodynamic tem-
perature (K) [63].
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3. Results and Discussion
3.1. Characterization of Bentonite Sample
3.1.1. Phase

Figure 1 shows the X-ray diffraction pattern of the sample. According to the ICDD’s
powder diffraction file (PDF), the sample possesses typical diffraction peaks of mont-
morillonite, and the prominent characteristic peaks are solid and sharp, indicating that
montmorillonite has good crystallinity. The (001) crystal plane spacing of the sample is
1.58 nm, which may be calcium montmorillonite.

Minerals 2024, 14, x FOR PEER REVIEW 6 of 24 
 

 

The standard enthalpy change (ΔHθ, kJ/mol) and standard entropy change (ΔSθ, 
kJ/mol) of the adsorption process are calculated by fitting according to Equation (8): 

 G H T Sθ θ θΔ = Δ − Δ  (8) 

where ΔGθ is the standard Gibbs free energy (kJ/mol), and T is the thermodynamic tem-
perature (K) [63]. 

3. Results and Discussion 
3.1. Characterization of Bentonite Sample 
3.1.1. Phase 

Figure 1 shows the X-ray diffraction pattern of the sample. According to the ICDD’s 
powder diffraction file (PDF), the sample possesses typical diffraction peaks of montmo-
rillonite, and the prominent characteristic peaks are solid and sharp, indicating that mont-
morillonite has good crystallinity. The (001) crystal plane spacing of the sample is 1.58 nm, 
which may be calcium montmorillonite. 

 
Figure 1. XRD pattern of the bentonite sample and the ICDD powder diffraction file (PDF) of mont-
morillonite. 

3.1.2. Thermal Analysis 
Based on the first-order differential curve of the thermogravimetric curve (DTG) of 

the sample, the mass loss of this bentonite sample can be categorized into two stages [64] 
(Figure 2): the dehydration process occurs from 40 to 300 °C, and the sample’s water con-
tent is about 10.2%. The temperatures at which the maximum rates of adsorbed and inter-
layer water loss occur are 106 °C and 146 °C, respectively. The mass loss after 300 °C is 
mainly due to dehydroxylation, with a mass loss of −4.8%, and the temperature at which 
the maximum dehydroxylation rate occurs is 619 °C. 

Figure 1. XRD pattern of the bentonite sample and the ICDD powder diffraction file (PDF) of
montmorillonite.

3.1.2. Thermal Analysis

Based on the first-order differential curve of the thermogravimetric curve (DTG) of
the sample, the mass loss of this bentonite sample can be categorized into two stages [64]
(Figure 2): the dehydration process occurs from 40 to 300 ◦C, and the sample’s water
content is about 10.2%. The temperatures at which the maximum rates of adsorbed and
interlayer water loss occur are 106 ◦C and 146 ◦C, respectively. The mass loss after 300 ◦C is
mainly due to dehydroxylation, with a mass loss of −4.8%, and the temperature at which
the maximum dehydroxylation rate occurs is 619 ◦C.
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3.1.3. Chemical Composition

According to the major element composition of the sample in Table 1, it can be seen
that the sample mainly contains silicon and aluminum, which are the central elements of the
silicon–oxygen tetrahedral and the aluminum–oxygen octahedral sheets, respectively. Since
isomorphic substitutions often occur in the octahedral sheets of montmorillonite, elements
such as iron and magnesium are likely to exist in the octahedral sheets. Calcium mainly
exists between layers, and its content is significantly higher than sodium and potassium, in-
dicating that the sample mainly contains calcium montmorillonite, consistent with the XRD
results. Based on the major element content, the mineral chemical formula of the montmoril-
lonite can be calculated as: (Ca0.24K0.01)[(Al1.23Mg0.49Fe0.24)(Si3.97Al0.03)O10(OH)2]·nH2O.

Table 1. Major element contents of the bentonite sample (wt.%).

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO P2O5 TiO2 L.O.I. * Total

59.99 16.13 4.85 5.00 3.43 0.40 0.16 0.022 0.046 0.283 9.92 100.23

* L.O.I.: Loss on ignition.

3.1.4. Morphology

It can be seen from the scanning electron microscope image of the sample (Figure 3)
that the particle size of the sample is approximately a few microns. The sample has a
lamellar structure, and the lamellae are irregularly stacked to form cotton-like aggregates.
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3.1.5. Particle Size

The particle size distribution of the sample obtained from the cumulative scattering
intensity curves (Figure 4) shows that the particle sizes were mainly concentrated in 3–4 µm
and 7–8 µm. This may be due to the surface charges of the bentonite [39], resulting in the
agglomeration of a portion of the crushed particles after they are dispersed in the aqueous
solution during testing.



Minerals 2024, 14, 268 8 of 22

Minerals 2024, 14, x FOR PEER REVIEW 8 of 24 
 

 

 
Figure 3. Scanning electron microscope image of the bentonite sample. 

3.1.5. Particle Size 
The particle size distribution of the sample obtained from the cumulative scattering 

intensity curves (Figure 4) shows that the particle sizes were mainly concentrated in 3–4 
µm and 7–8 µm. This may be due to the surface charges of the bentonite [39], resulting in 
the agglomeration of a portion of the crushed particles after they are dispersed in the 
aqueous solution during testing. 

 
Figure 4. Particle size distribution of the bentonite sample. 

3.1.6. Specific Surface Area and Pore Structure 
The nitrogen adsorption–desorption isotherm of the sample (Figure 5) rises rapidly 

under low relative pressure, and the curve is convex. There is no adsorption saturation 
under high relative pressure and an obvious adsorption hysteresis loop. According to the 
IUPAC classification standard [65], this sample has a type IV adsorption isotherm. The 
hysteresis loop is caused by capillary condensation, which essentially results from the 
mesoporous structure in the sample. The hysteresis loop of the adsorption–desorption 
curve of this sample belongs to the H3 type, indicating that the pore has a flat slit structure, 

Figure 4. Particle size distribution of the bentonite sample.

3.1.6. Specific Surface Area and Pore Structure

The nitrogen adsorption–desorption isotherm of the sample (Figure 5) rises rapidly
under low relative pressure, and the curve is convex. There is no adsorption saturation
under high relative pressure and an obvious adsorption hysteresis loop. According to the
IUPAC classification standard [65], this sample has a type IV adsorption isotherm. The
hysteresis loop is caused by capillary condensation, which essentially results from the
mesoporous structure in the sample. The hysteresis loop of the adsorption–desorption
curve of this sample belongs to the H3 type, indicating that the pore has a flat slit structure,
which is consistent with the layer structure of montmorillonite. The BET specific surface
area of the sample is 83 m2/g (the correlation coefficient is 0.999990, and the C constant
is 255.673).
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From the total pore volume and pore size distribution diagram of the sample obtained
using the NLDFT method (Figure 6), it can be seen that the total pore volume of the
bentonite sample is 0.143 cm3/g, and the average pore diameter of the sample is 3.8 nm
(the fitting error is 2.141%).
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3.1.7. Point of Zero Charge

Montmorillonite has two types of surfaces. The basal surface usually has a permanent
negative charge due to isomorphic substitution; the edge surface has a variable charge
due to the protonation or deprotonation of hydroxyl groups with the changes in pH [66].
It is usually impossible to measure the zero charge point of such clay minerals with
both permanent charge and variable charge through acid-base titration at different ionic
strengths [67]. Therefore, a method of titrating the sample suspension and the mineral-free
supernatant separately was adopted to obtain the sample’s point of zero charge.

According to the intersection of the potentiometric titration curves of the bentonite
suspension and the corresponding supernatant (Figure 7), it can be seen that the apparent
point of zero charge on the edge surface of the montmorillonite is 9.5. When pH < 9.5, the
edge surface of montmorillonite is positively charged; when pH > 9.5, the edge surface is
negatively charged.
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3.1.8. ζ Potential

The difference in the sample’s ζ potential under the sodium nitrate and sodium sulfate
systems (Figure 8) is slight, ranging from −30 to −10 mV. Generally, the ζ potential value
of highly dispersed particles is more significant than +30 mV or less than −30 mV [68]. The
absolute value of the sample’s ζ potential is less than 30 mV, indicating that the repulsion
between bentonite particles is weak, the stability of the suspension is poor, and it is easy
to aggregate and settle. The poor suspension stability of the system is also responsible for
the fluctuations in the measured data, and it is beneficial to solid–liquid separation and
adsorbent recovery after adsorption.
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3.1.9. Infrared Spectroscopy

The FTIR spectra of the sample before and after adsorption in nitrate and sulfate are
given in Figure 9, and the assignments of the adsorption peaks [69,70] are listed in Table 2.
It can be seen that no new absorption peaks or significant shifts of absorption peaks are
found. This may be because the lanthanide ions do not form stable chemical bonds with
the surface adsorption sites, thus having less effect on the functional group vibration of the
pristine bentonite [55].

Table 2. Positions and assignments of the FTIR vibration bands.

Position (cm−1) Assignment

3614 –OH stretching of Al–OH and Mg–OH
3391 –OH stretching of interlayer water
1630 –OH deformation of interlayer water
991 Si–O stretching
914 –OH deformation of Al–OH
837 In-plane bending of CO3

2−

796 –OH deformation of Mg–OH
511 Deformation of Si–O–Al
422 Deformation of Si–O–Si
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Figure 9. FTIR spectra of the sample before and after the adsorption of lanthanum. a. Pristine
bentonite. b. Product after adsorption in 0.05 mol/L NaNO3. c. Product after adsorption in
0.05 mol/L Na2SO4. (Initial La3+ concentration is 500 µmol/L. pH is 6. Temperature is 25 ◦C.
Time is 24 h).

3.2. Reliability of Concentration Determination Method

This concentration determination method utilizes the formation of a complex of rare
earth with arsenazo (III) under acidic conditions (pH approximately 3–4) [59], which
exhibits a maximum absorption peak at a wavelength of 652 nm. Therefore, a linear
relationship can be established between the different concentrations of rare earth ions and
the corresponding absorbances at a wavelength of 652 nm. Then, the concentration of an
unknown rare earth solution can be calculated by measuring its absorbance.

From the UV-vis spectra (Figure 10) and the standard curves (Figure 11) for the
lanthanum concentration determination of solutions containing different background
electrolytes (water, 0.05 mol/L NaNO3, and 0.05 mol/L Na2SO4), it can be seen that
the absorbances of the aqueous solution system and the nitrate system are similar. In
contrast, the absorbance of the sulfate system is smaller than those of the other two systems,
but the maximum absorption peak of the complex does not shift. At the same time, the
standard curves under all three systems have good linearity and repeatability. Therefore,
this method possesses good reliability in determining the concentration of lanthanum ions
in this article.

Minerals 2024, 14, x FOR PEER REVIEW 12 of 24 
 

 

Table 2. Positions and assignments of the FTIR vibration bands. 

Position (cm−1) Assignment 
3614 –OH stretching of Al–OH and Mg–OH 
3391 –OH stretching of interlayer water 
1630 –OH deformation of interlayer water 
991 Si–O stretching 
914 –OH deformation of Al–OH 
837 In-plane bending of CO32− 
796 –OH deformation of Mg–OH 
511 Deformation of Si–O–Al 
422 Deformation of Si–O–Si 

3.2. Reliability of Concentration Determination Method 
This concentration determination method utilizes the formation of a complex of rare 

earth with arsenazo (III) under acidic conditions (pH approximately 3–4) [59], which ex-
hibits a maximum absorption peak at a wavelength of 652 nm. Therefore, a linear relation-
ship can be established between the different concentrations of rare earth ions and the 
corresponding absorbances at a wavelength of 652 nm. Then, the concentration of an un-
known rare earth solution can be calculated by measuring its absorbance. 

From the UV-vis spectra (Figure 10) and the standard curves (Figure 11) for the lan-
thanum concentration determination of solutions containing different background elec-
trolytes (water, 0.05 mol/L NaNO3, and 0.05 mol/L Na2SO4), it can be seen that the absorb-
ances of the aqueous solution system and the nitrate system are similar. In contrast, the 
absorbance of the sulfate system is smaller than those of the other two systems, but the 
maximum absorption peak of the complex does not shift. At the same time, the standard 
curves under all three systems have good linearity and repeatability. Therefore, this 
method possesses good reliability in determining the concentration of lanthanum ions in 
this article. 

 
Figure 10. UV-vis spectra of lanthanum–arsenazo (III) complex solutions containing different back-
ground electrolytes ((a). water; (b). 0.05 mol/L NaNO3; (c). 0.05 mol/L Na2SO4). 

  

Figure 10. UV-vis spectra of lanthanum–arsenazo (III) complex solutions containing different back-
ground electrolytes ((a) water; (b) 0.05 mol/L NaNO3; (c) 0.05 mol/L Na2SO4).



Minerals 2024, 14, 268 12 of 22Minerals 2024, 14, x FOR PEER REVIEW 13 of 24 
 

 

 
Figure 11. Standard curves for determining lanthanum concentration in different background elec-
trolytes ((a). water; (b). 0.05 mol/L NaNO3; (c). 0.05 mol/L Na2SO4). 

3.3. Adsorption Equilibrium Time and Kinetics 
It can be seen from the graph of the change in adsorption efficiency with time (Figure 

12) that whether in a sodium nitrate system or a sodium sulfate system, the adsorption of 
lanthanum ions by bentonite first increased rapidly in a short time. At 30 min, the adsorp-
tion efficiencies under the sodium nitrate and sodium sulfate systems were 33% and 63%, 
respectively. Then, the adsorption efficiencies slowly increased until they reached adsorp-
tion equilibrium at about 24 h. At this time, the nitrate and sulfate systems’ adsorption 
efficiencies were 41% and 68%, respectively, and the corresponding adsorption capacities 
were 57 mg/g and 94 mg/g, respectively. This is consistent with the adsorption behavior 
of trivalent ions (e.g., Cr3+ [71]) on bentonite, where the entire adsorption process is di-
vided into two stages: rapid adsorption and slow equilibration. The adsorption capacity 
of lanthanum by bentonite in the sulfate system is higher than that in the nitrate system. 

 
Figure 12. Effect of adsorption time on lanthanum adsorption by bentonite. (Initial La3+ concentra-
tion is 500 µmol/L. pH is 6. Temperature is 25 °C). 

Data from the first 4 h were selected. Then, pseudo-first-order and pseudo-second-
order kinetic models were used to fit the changes in adsorption capacities with time under 
the two electrolyte systems. The relevant results and fitting parameters are shown in Fig-
ure 13 and Table 3. By comparing the fitting correlation coefficients (R2), it was found that 
the adsorption processes of lanthanum ions by bentonite in the nitrate and sulfate systems 
are more consistent with the pseudo-second-order kinetic model. This is consistent with 

Figure 11. Standard curves for determining lanthanum concentration in different background
electrolytes ((a) water; (b) 0.05 mol/L NaNO3; (c) 0.05 mol/L Na2SO4).

3.3. Adsorption Equilibrium Time and Kinetics

It can be seen from the graph of the change in adsorption efficiency with time
(Figure 12) that whether in a sodium nitrate system or a sodium sulfate system, the adsorp-
tion of lanthanum ions by bentonite first increased rapidly in a short time. At 30 min, the
adsorption efficiencies under the sodium nitrate and sodium sulfate systems were 33% and
63%, respectively. Then, the adsorption efficiencies slowly increased until they reached ad-
sorption equilibrium at about 24 h. At this time, the nitrate and sulfate systems’ adsorption
efficiencies were 41% and 68%, respectively, and the corresponding adsorption capacities
were 57 mg/g and 94 mg/g, respectively. This is consistent with the adsorption behavior of
trivalent ions (e.g., Cr3+ [71]) on bentonite, where the entire adsorption process is divided
into two stages: rapid adsorption and slow equilibration. The adsorption capacity of
lanthanum by bentonite in the sulfate system is higher than that in the nitrate system.
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Figure 12. Effect of adsorption time on lanthanum adsorption by bentonite. (Initial La3+ concentration
is 500 µmol/L. pH is 6. Temperature is 25 ◦C).

Data from the first 4 h were selected. Then, pseudo-first-order and pseudo-second-
order kinetic models were used to fit the changes in adsorption capacities with time under
the two electrolyte systems. The relevant results and fitting parameters are shown in
Figure 13 and Table 3. By comparing the fitting correlation coefficients (R2), it was found
that the adsorption processes of lanthanum ions by bentonite in the nitrate and sulfate
systems are more consistent with the pseudo-second-order kinetic model. This is consistent
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with the fact that the adsorption processes of montmorillonite on various heavy metal ions
(e.g., cadmium [72] and lead [73]) conform to pseudo-second-order kinetics, indicating
that both the concentration of rare earth ions and the solid–liquid ratio have impacts on
the adsorption rate. The adsorption rate under the sulfate system is faster than that under
the nitrate system, and the equilibrium adsorption capacity under the sulfate system is
1.75 times that of the nitrate system.
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Table 3. Kinetic parameters of lanthanum adsorption by bentonite in different background elec-
trolytes.

Electrolyte
Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

Qe (mg/g) k1 (1/h) R2 Qe (mg/g) k2 (g/(mg·min)) R2

NaNO3 49.91 8.57 0.9813 52.99 0.26 0.9988
Na2SO4 89.57 14.82 0.9871 92.93 0.33 0.9989

3.4. Effect of pH

From the relationship of the suspension pH and the adsorption efficiency of lanthanum
ions on the surface of bentonite (Figure 14), it can be seen that under the same background
electrolyte concentration (taking 0.05 mol/L NaNO3 and Na2SO4 as examples), whether in
a sulfate system or a nitrate system, the adsorption efficiencies rise with the increase in pH
(57.7% and 70.9% at pH 3 and 7 for the sulfate system; 33.9% and 49.8% at pH 3 and 7 for
the nitrate system). This is consistent with the adsorption of metal ions such as Cu2+ and
Zn2+ on bentonite [74]. Within the pH range of this experiment, the variation of adsorption
efficiency in the nitrate (15.8%) is higher than that of sulfate (13.2%). In addition, sulfate’s
overall adsorption efficiency is higher than that of nitrate at the same pH.

Changes in solution pH affect not only the speciation of metal ions in the solution [75]
but also the dissociation of surface functional groups [76] and the charge properties of the
adsorbent surface [77]. Lanthanum mainly exists in cations in the pH range from 3.0 to 7.0.
As the pH increases, the ability to neutralize the negative charges on the basal surface of the
montmorillonite weakens, and the deprotonation of the edge surface elevates. The overall
negative charge of the surface increases, which is beneficial to the adsorption of cations and
enhances the adsorption capacity. Meanwhile, it has been established that sulfate [78] and
nitrate [79] in aqueous solution can act as ligands to bridge metal ions to form complex ions.
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Within the experimental pH range, besides La3+, the cationic species of lanthanum in the
solution may also include LaSO4

+ in the sulfate system and LaNO3
2+ and La(NO3)2

+ in the
nitrate system. Since LaSO4

+ has a lower positive charge than LaNO3
2+, montmorillonite

needs to adsorb more LaSO4
+ to neutralize the negative charge of the surface adsorption

site, making the adsorption efficiency in sulfate higher than that in nitrate. Moreover,
La(NO3)2

+ with a larger molecular size is not easily accessible to the interlayer due to the
steric effect, leading to a decreased adsorption capacity in the nitrate system.
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3.5. Effect of Background Electrolyte Concentration

Comparing the adsorption efficiencies of lanthanum by bentonite under different
sulfate and nitrate concentrations (Figure 14), it can be seen that at the same pH (taking pH
5 as an example), the adsorption efficiencies both decrease with the increased background
electrolyte concentration (the sulfate concentration increases from 0.005 mol/L to 0.5 mol/L,
and the adsorption efficiency decreases from 66.4% to 60.8%; the nitrate concentration
increases from 0.005 mol/L to 0.5 mol/L, and the adsorption efficiency decreased from
43.4% to 22.4%). A similar phenomenon was found in the adsorption of metal cations
by montmorillonite [80]. The variation of adsorption efficiency in nitrate (21.0%) is more
significant than that in sulfate (5.5%). In addition, under the same ionic concentration,
sulfate’s overall adsorption efficiency is higher than that of nitrate.

On the one hand, the increase in background electrolyte concentration will compress
the thickness of the electric double layer on the sample surface [81], reducing the electro-
static attraction between the sample surface and lanthanum ions, which is not conducive to
the adsorption process. Since LaNO3

2+ has a higher charge than LaSO4
+, the adsorption

efficiency in nitrate is more sensitive to the changes in the background electrolyte concen-
tration, and the variation of adsorption efficiency is more significant with the change in
nitrate concentration. On the other hand, the increased background electrolyte concentra-
tion causes competitive adsorption [82] between sodium ions and lanthanum ions in the
solution, thereby inhibiting the enrichment of lanthanum ions on the bentonite surface.

3.6. Adsorption Isotherm and Isotherm Model Fitting

The isotherms of lanthanum adsorption by bentonite in the sulfate and nitrate system
at different temperatures are shown in Figure 15. All isotherms show similar characteristics:
the equilibrium adsorption capacity increases rapidly at low equilibrium concentrations.
Meanwhile, the higher the temperature, the faster the rate of increase in adsorption capacity.
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Afterwards, the change slows down, and the isotherm gradually flattens, reaching a
maximum value.
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The isotherms were fitted with the Langmuir and Freundlich models (Figures 16 and 17,
and Table 4). It was found that the lanthanum adsorption isotherms by bentonite in the
two background electrolytes are more consistent with the Langmuir adsorption model.
This is similar to the model fitting results of adsorption isotherms on montmorillonite for
a variety of metal ions with different valence states (e.g., Ag(I) [83], Co(II), Fe(III) [84],
Pu(IV), Pu(V) [85], and Cr(VI) [86]), indicating that it may be single-layer adsorption.
The adsorption equilibrium constant (KL) decreases with the increase in temperature,
and the maximum adsorption capacity (Qmax) rises with the increase in temperature,
which indicates that increasing the temperature is generally beneficial to these adsorption
processes. At the same temperature, the adsorption equilibrium constant and maximum
adsorption capacity of the sulfate system are higher than those of the nitrate system,
indicating that the sulfate system is more conducive to the adsorption of lanthanum
by bentonite.

Table 4. Langmuir and Freundlich model fitting parameters of lanthanum adsorption isotherms on
the bentonite surface.

Electrolyte
Temperature Langmuir Model Freundlich Model

(◦C) KL (L/mg) Qmax (mg/g) R2 KF n R2

NaNO3

10 0.125 60.35 0.9988 16.17 3.49 0.9047
25 0.124 68.45 0.9980 16.01 3.10 0.8582
40 0.083 79.55 0.9985 14.26 2.68 0.9267

Na2SO4

10 0.243 95.79 0.9985 26.42 2.92 0.9116
25 0.188 118.34 0.9975 28.76 2.91 0.9111
40 0.178 137.55 0.9981 32.62 2.98 0.9277
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3.7. Adsorption Thermodynamics

Assuming that the density of the aqueous solution is 103 g/L, the unit of KL can be
transformed from L/mg to a dimensionless form. Based on the adsorption equilibrium
constant (KL), the standard Gibbs free energy (∆Gθ) of the adsorption process can be
calculated, as shown in Table 5. The standard Gibbs free energies of the adsorption
processes in nitrate and sulfate at different temperatures are all negative, indicating that
the adsorption of lanthanum by bentonite is a spontaneous process. The absolute values of
∆Gθ are all less than 40 kJ/mol. This indicates that the adsorption processes are mainly
physical adsorption [87].
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Table 5. Thermodynamic parameters of the adsorption process of lanthanum on the surface of
bentonite.

Electrolyte T (K) ∆Gθ (kJ/mol) ∆Hθ (kJ/mol) ∆Sθ (J/(mol·K)) R2

NaNO3

283.15 −27.64
10.38 61.54 0.9059298.15 −29.07

313.15 −29.48

Na2SO4

283.15 −29.19
7.53 76.24 0.9866298.15 −30.10

313.15 −31.48

Moreover, ∆Gθ is plotted against T (Figure 18). According to the intercept and slope
of the fitting straight line, the standard enthalpy change (∆Hθ) and standard entropy
change (∆Sθ) of the adsorption process can be determined, as shown in Table 4. The ∆Hθ

values in the nitrate and sulfate systems are 10.38 and 7.53 kJ/mol, respectively. The
positive enthalpy change value indicates that the adsorption process of lanthanum on the
bentonite surface is endothermic. This is consistent with the aforementioned experimental
results: the adsorption capacity increases with increasing temperature. In addition, the
researchers found a similar pattern when studying the adsorption of Ni(II) and Mn(II) ions
by Nigerian montmorillonite [88]. The ∆Sθ values in both systems are positive, indicating
that the adsorption process is entropy-increasing. This is because an increased randomness
occurs at the solid–solution interface [89]. The ionic radii of SO4

2− and NO3
− are 2.569 Å

and 2.115 Å, respectively, which are more significant than the molecular radius of H2O
(1.602 Å) [90]. Therefore, when a sulfate or nitrate is adsorbed to the surface of bentonite,
more than one water molecule will desorb. Therefore, the entropy decrease caused by the
adsorption of cations may be smaller than the entropy increase caused by the desorption
of water molecules, resulting in the entropy change of the adsorption process having a
positive value.
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3.8. Adsorption Mechanism

The main component of the bentonite used in this experiment is montmorillonite.
Montmorillonite possesses two types of surfaces: the basal surface with permanent negative
charges and the edge surface with variable charges [50]. According to the results of
potentiometric titration, the point of zero charge of the edge surface is 9.5, so the edge
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surface is positively charged within the pH range from 3 to 7 used in this experiment,
which is not conducive to the adsorption of rare earth cations. It can be inferred that
rare earth ions are mainly adsorbed on the basal surface between montmorillonite layers
through ion exchange, a general mechanism for metal ion adsorption and enrichment on
montmorillonite [91]. This also agrees with the mechanism obtained by Coppin et al. [45]
concerning the adsorption of the entire lanthanide series on clay minerals, where the
adsorption coefficient is closely related to the cation exchange capacity. At the same
time, in the sulfate and nitrate solution systems, sulfate and nitrate can act as ligands to
bind metal ions (La3+) to form complex cations [78,79], such as LaSO4

+, LaNO3
2+, and

La(NO3)2
+. Since LaSO4

+ has a lower positive charge than LaNO3
2+, more LaSO4

+ is
needed to exchange the same amount of montmorillonite interlayer cations compared with
LaNO3

2+. This is why the adsorption capacity of lanthanum by bentonite in the sulfate
system is higher than that of the nitrate system. This is consistent with the previous study:
at pH < 7, montmorillonite adsorbs more monovalent cations (Ag+) than divalent cations
(Cu2+) [83]. Meanwhile, the more significant steric hindrance of La(NO3)2

+ will limit its
exchange behavior with interlayer cations due to its larger molecular size, contributing
to the lower adsorption of rare earth ions in the nitrate system than in the sulfate system.
Moreover, a few tiny amorphous mineral particles and organic matter generally contained
in the bentonite may also contribute to adsorption.

4. Conclusions

Bentonite is a cheap and efficient natural adsorbent widely used for removing heavy
metal ions, including rare earth elements. However, there needs to be more research on
the adsorption behavior and mechanism of rare earth ions on bentonite under a sulfate
system. This paper compared the adsorption behavior of lanthanum ions by bentonite in
sulfate and nitrate systems by exploring the effects of adsorption time, pH, background
electrolyte concentration, and initial rare earth ion concentration. It was found that the
adsorption processes in both systems include two steps: a rapid adsorption step and a slow
equilibrium step. The adsorption kinetic processes are more consistent with the pseudo-
second-order kinetic model, and the adsorption rate of the sulfate system is higher than that
of the nitrate system. The adsorption efficiencies of lanthanum cations in the two systems
rise with the increase in pH and the decrease in background electrolyte concentration,
and the adsorption efficiency in the nitrate system is more sensitive to changes in pH and
background electrolyte concentration. Under the same pH and ionic concentration, the
overall adsorption efficiency in the sulfate system is higher than that in the nitrate system.
The isotherms of lanthanum adsorption by bentonite in the two background electrolytes
are more consistent with the Langmuir adsorption model. The adsorption processes are
both spontaneous physical adsorption, endothermic, and entropy-increasing processes.
The adsorption capacity of lanthanum by bentonite in the sulfate system is higher than
that in the nitrate system, presumably because LaSO4

+ has a lower positive charge than
LaNO3

2+, so more LaSO4
+ is needed to exchange the same amount of interlayer cations.

This study contributes to understanding the adsorption behavior and mechanism of rare
earth ions on bentonite under a sulfate system. It provides information on removing and
recovering rare earth elements from mine drainage.
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