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ABSTRACT

Rare earth ions (REIs) are playing very important roles in modern industries. However, the
huge amount of smelting water containing various types of REIs was difficult to separate,
which often lead to difficulty in recovery of REIs and water pollution in environment. Selec-
tive adsorption was an effective route to recover the REIs in smelting water. Two adsor-
bents (SiO2-BT, SiO2-BWT) were prepared by grafting plant tannins (Bayberry tannin, Black
wattle tannin) onto aminated silica. The as-prepared adsorbents have exhibited a high
adsorption capacity to four typical REIs and high selectivity to La3+ among these four REIs
(La3+, Ce3+, Pr3+, Nd3+). Furthermore, the after-used adsorbents can be easily regenerated
by 0.1 mol/L HNO3 solution indicating superior reusability.
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1. Introduction

Rare earth elements (REE) are widely used in the
field of chemical engineering, metallurgy, nuclear
energy, optical, and luminescence because of their
unique chemical and physical properties. Because of
the ongoing development of modern industry, there is
an ever-increasing demand for REE [1]. However, dur-
ing the productive process of REE, huge amount of
smelting water containing various types of rare earth
ions (REIs) was generated [2,3].

There is a continuous need for new separation
techniques, by which REIs can be selectively extracted
and recovered from smelting water. Many separation
methods such as precipitation [4], chemical reduction,
ion exchange [5,6], membrane separation [7], adsorp-
tion [8,9], and biological treatment have been used to
recover REIs from smelting water [10–12]. Among
these methods, adsorption is an effective and simple
method in treating smelting water containing various
types of REIs and many effective kinds of adsorbents
were synthesized. However, separating the target light
REE from each other efficiently is still a challenge for
their similar properties. Recovery of REIs using biosor-
bents, such as algae [13,14], bacteria [15], Platanus*Corresponding authors.
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orientalis leaf powder [16], activated carbon from rice
husks [17–19], and bamboo charcoal [20] are attractive
for their environmental-friendly properties and high
efficiency.

Plant tannin is a kind of natural polyphenol which
widely exists in roots, barks, leaves, and fruits of
plants. There are plenty of hydroxyls on the benzene
ring backbones of tannins, which show high affinity to
various types of metal ions [21]. Tannin-modified
adsorbents showed high efficiency in selective recov-
ery of transaction metal ions (Cr3+, Cu2+) and actinide
elements (uranium ions) [22–24]. Therefore, tannin
may also exhibit excellent performance in the recovery
of REIs. However, plant tannin is water-soluble which
couldn’t be used as adsorbent directly. Thus, aminated
modified silica (SiO2–NH2) is often used as a support
matrix for immobilization of plant tannins because of
its porous structure and physical—chemical stability.
In our previous study, aminated modified silica modi-
fied by typical tannins, bayberry tannins (BT), and
black wattle tannins (BWT) (Fig. 1), has exhibited high
efficiency in the recovery of Pr3+ and Nd3+ in water
[25]. As a continuation study, the as-prepared adsor-
bents are utilized in selective recovery of the other

typical light REIs (La3+, Ce3+, Pr3+, Nd3+) from simu-
lated real smelting water.

2. Experimental sections

2.1. Reagents and characterizations

CeO2, La2O3, Pr2O3, Nd2O3, and other reagents
were of analytical grade, which were purchased from
Kelong chemical reagents factory (Chengdu, China).
Deionized water was used for the preparation of all
solutions. The REIs solution simulated real smelting
water which contained La3+ (14.40 mmol/L,
36.5 wt.%), Ce3+ (17.84 mmol/L, 47.9 wt.%), Pr3+

(1.77 mmol/L, 4.1 wt.%) and Nd3+ (3.47 mmol/L,
10.0 wt.%), respectively.

The BT and BWT were extracted from the barks of
bayberry trees and black wattle trees.

The concentrations of REIs in the solution were
determined by an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES, Optima, 8000DV,
Perkin-Elmer, US). The morphology of the adsorbents
was observed with scanning electron microscope
(SEM, FEI Quanta 250). The absorbents were charac-

Fig. 1. Molecular structures of bayberry tannin (BT) and black wattle tannin (BWT) and synthesis route of SiO2–BT/BWT.
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terized by Fourier transform infrared spectroscopy
(FTIR, Nicolet 2005).

2.2. Preparation of adsorbents

2.2.1. Preparation of aminated silica (NH2–SiO2)

Aminated silica was prepared according to the
literature [22]. Cyclohexane was dissolved in hexanol
mixed with Triton X-100 (4:1:1, V:V) in a round-
bottom flask. Then mixture was stirred at 40˚C for
30 min. After adding 5 mL of deionized water, the
mixture was stirred at 40˚C for 30 min (10: 1, deion-
ized water: Triton X-100). And the mixed solution of
TEOS (5 mL) and silane coupling agent (KH-550) was
added into the mixture and stirred at 40˚C for another
30 min. Then 2 mL of NH3·H2O was added and stirred
at 40˚C for 24 h. Subsequently, the product was
washed with deionized water and dried in vacuum at
40˚C for 24 h to obtain NH2–SiO2.

2.2.2. Preparation of the adsorbents (SiO2–BT,
SiO2–BWT)

About 1.0 g BT was dissolved in 100 mL of deion-
ized water, then the solution was mixed with the
NH2–SiO2 prepared above. Ten milliliters of glu-
taraldehyde (20.0 wt.%) solution was added into the
mixture, and was stirred at 40˚C for 6 h. The initial
pH of the mixture was adjusted to 2.0 with HNO3

(0.1 mol/L), then the mixture was stirred at 40˚C for
24 h. After reaction, the product was washed with
deionized water and dried in vacuum at 40˚C for 24 h
to obtain SiO2–BT adsorbent. The preparation of SiO2–
BWT was the same as the SiO2–BT (Fig. 1 synthesis
route of SiO2–BT/BWT).

2.3. Adsorption experiments (Pr3+ and Nd3+ mixed aqueous
solution system)

2.3.1. Effect of initial pH on adsorption capacity of the
adsorbents

About 0.1 g of the adsorbent (SiO2–BT, SiO2–BWT)
was suspended in 50 mL of Pr3+ and Nd3+ mixed
aqueous solutions, respectively. The concentrations of
Pr3+ and Nd3+ were 2.0 mmol/L and the initial pH of
the solutions ranged from 1.0 to 6.0. The adsorption
process was conducted at 40˚C with constant shaking
for 1 h. When the adsorption was completed, the sus-
pension was filtered by the filter with a diameter of
0.45 μm and the concentration of Pr3+ and Nd3+ in the
filtrate was analyzed by ICP-OES. The adsorption

capacity (qe, mg/g) of SiO2–BT and SiO2–BWT to Pr3+

and Nd3+ was obtained by mass balance calculations.

2.3.2. Adsorption isotherms

About 0.1 g of adsorbent (SiO2–BT, SiO2–BWT) was
suspended in 50 mL of Pr3+ and Nd3+ mixed aqueous
solutions with initial concentration ranging from 1.8 to
6.0 mmol/L. The pH of Pr3+ and Nd3+ mixed aqueous
solution was adjusted to 5.0. The adsorption experi-
ments were conducted by constant shaking at 40˚C for
1 h. Then the suspension was filtered and the concen-
tration of Pr3+ and Nd3+ mixed in the filtrate was
analyzed by ICP-OES, respectively.

2.3.3. Dynamic adsorption and desorption experiments

Two grams of adsorbent (SiO2–BT, SiO2–BWT) was
suspended in the adsorption column (10 × 300 mm),
respectively. The column was equilibrated with water
(pH 5). Pr3+ and Nd3+ mixed solution (1.8 mmol/L, pH
5) was pumped into the column with a constant velocity
of 2.0 BV/h (BV = bed volume). The effluent was col-
lected by an automatic collector and the concentration
of the effluent was analyzed by ICP-OES. After reaching
the adsorption equilibrium, the column was eluted by
0.1 mol/L HNO3 solution at 2.0 BV/h, and the eluent
was collected for Pr3+ and Nd3+ analysis.

2.4. Simulation of real smelting water system

2.4.1. Effect of initial pH on adsorption capacity of the
adsorbents

About 0.1 g of adsorbent (SiO2–BT, SiO2–BWT) was
suspended in 20 mL of simulated real smelting water,
respectively. The pH of the solutions ranged from 2.0
to 5.0. The adsorption process was conducted at 40˚C
with constant stirring for 40 min. When the adsorption
was completed, the suspension was filtered and the
concentrations of La3+, Ce3+, Pr3+, and Nd3+ in the fil-
trate were analyzed by ICP-OES. By calculating the
difference of the solutions before and after adsorption
of La3+, Ce3+, Pr3+, and Nd3+, the total amount of vari-
ability is obtained under different pH on adsorption
capacity of qe (qe, mg/g).

2.4.2. Effect of temperature on adsorption capacity of
the adsorbents

About 0.1 g of adsorbent (SiO2–BT, SiO2–BWT) was
suspended in 20 mL of simulated real smelting water,
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respectively. The pH of simulated real smelting water
was adjusted to 4.0. The adsorption experiments were
conducted by constant shaking at 30, 40, 50, and 60˚C
for 40 min, respectively. Then the suspensions were
filtered and the concentrations of La3+, Ce3+, Pr3+, and
Nd3+ mixed in the filtrate was analyzed.

2.4.3. Effect of time on adsorption capacity of the
adsorbents

About 0.1 g of adsorbent (SiO2–BT, SiO2–BWT)
was suspended in 20 mL of simulated real smelting
water respectively. The pH of simulated real smelting
water was adjusted to 4.0. The adsorption experi-
ments were conducted by constant shaking at 40˚C
for 40 min. Then the suspension was filtered and the
concentration of Pr3+ and Nd3+ in the filtrate was
analyzed.

3. Results and discussions

3.1. Characterization of adsorbents

The SEM micrographs spectra of NH2–SiO2, SiO2–
BT, and SiO2–BWT are shown in Fig. 2(a), (b), and (c).
The particle morphology of SiO2–BT and SiO2–BWT

has no significant changes after being modified by
plant tannin compared with NH2–SiO2.

FTIR spectra of the NH2–SiO2, SiO2–BT, and SiO2–
BWT were shown as Fig. 2(d) ((1)–(3)). The absorption
band at 1,059.88 cm−1 in (1) is due to stretching vibra-
tion of structural Si–O–Si of NH2SiO2 and the bands at
461.18 cm−1 is attributed to the Si–O–Si bending vibra-
tion [22]. The band at 3,424.47 cm−1 is assigned to the
bending vibration of –OH on the surface of silica. The
absorption band at 788.83 cm−1 is attributed to the
Si–OH stretching vibration. All of the data above indi-
cated that the silica was successfully modified by
amino groups.

The FTIR spectra of SiO2–BT and SiO2–BWT are
shown in Fig. 2(d), (2) and (3), respectively. The major
absorption bands at 1,073.26 and 1,073.93 cm−1 are
assigned to asymmetric stretching vibration of struc-
tural Si–O–Si (in NH2–SiO2), and the bands at 462.28
and 461.23 cm−1 are attributed to the Si–O-Si bending
vibration. The bands at 3,410.95 and, 3,409.44 cm−1 are
due to the phenolic hydroxyl (in the molecule of BT
and BWT) stretching vibration and the –OH (in NH2–
SiO2) stretching vibration. The bands at 1,627.60 and
1,507.85 cm−1 indicate the benzene skeleton vibration
of tannin structure [22]. As it is shown, the bands at
2,940.96 and 2,942.72 cm−1 are stretching vibration

Fig. 2. SEM images of (a) NH2–SiO2, (b) SiO2–BT, (c) SiO2–BWT, (d) FTIR image of (1) NH2–SiO2, (2) SiO2–BT, and (3)
SiO2–BWT, and (e) Effect on the adsorption capacity of Pr3+ aqueous solutions with different grafting tannin content.
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characteristics of saturated absorption peak of C–H
bond. These analysis results showed that the tannins
were grafted onto the aminated SiO2.

Fig. 2(e) shows the influence of grafting tannin
quality ratio on the adsorption capacity of SiO2–BT
and SiO2–BWT to Pr3+ aqueous solution. Pure NH2–
SiO2 exhibited low adsorption capacity and low effi-
ciency, which was about 10 mg/g. The adsorption
capacity of Pr3+ improved gradually with the increase
in tannin content. It can be explained that the adsorp-
tion of as-prepared adsorbents to Pr3+ was realized by
the formation of five-member chelating ring between
Pr3+ and phenolic hydroxyl in tannin. The amount of
phenolic hydroxyls increased with increasing tannin
amount. In the subsequent experiments, the quality
ration was fixed as 1:1.

3.2. Adsorption performance of the adsorbents in Pr3+ and
Nd3+ mixed aqueous solutions system

3.2.1. Effect of initial pH on adsorption capacity of the
adsorbents

Fig. 3(a) shows the influence of initial pH on the
adsorption capacity of SiO2–BT and SiO2–BWT to Pr3+

and Nd3+ in Pr3+ and Nd3+ mixed aqueous solutions
systems. There was a significant competitive adsorp-
tion between the Pr3+ and Nd3+ on both the adsor-
bents. The adsorption capacities on Pr3+ and Nd3+

significantly increased when the pH increased from
1.0 to 5.0. When adjusting the pH to 6.0, the adsorp-
tion capacities on Pr3+ and Nd3+ decreased slightly.
This result was attributed to the influence of pH on
the dissociation degree of phenolic hydroxyls in BT
and BWT [23]. When the pH of the solution was low,

H+ with high concentrations have restrained the disso-
ciation of phenolic hydroxyl, resulting in a low
adsorption capacity of Pr3+ and Nd3+. In a solution
with higher pH, the dissociation of phenolic hydroxyls
in BT and BWT will be promoted, which was benefi-
cial for chelating REIs. However, excess –OH in the
solution often leads to hydrolysis of Pr3+ and Nd3+ or
the oxidation of tannin [24], resulting in lower adsorp-
tion capacity of Pr3+ and Nd3+. The optimal pH for
adsorption of SiO2–BT and SiO2–BWT on Pr3+ and
Nd3+ which could reach the maximum capacity were
5.0 and 4.0, respectively. Both the adsorbents showed
better adsorption capacity to Nd3+ than that of Pr3+.
Moreover, SiO2–BT exhibited a higher adsorption
capacity than SiO2–BWT, probably because of poten-
tial active functional groups of BT.

3.2.2. Adsorption isotherms

The influence of initial concentration of Pr3+ and
Nd3+ on the capacities of the two adsorbents is indi-
cated in Fig. 3(b). The initial concentration of Pr3+ and
Nd3+ was in the range of 1.8–6.0 mmol/L. The adsorp-
tion amounts of adsorbents to Pr3+ and Nd3+ in the
mixed system increased along with the increasing con-
centrations. Both the adsorbents showed higher
adsorption capacity with higher concentration. Under
the conditions of C = 6.0 mmol/L, pH 5.0 (SiO2-BT),
4.0 (SiO2–BWT), and T = 40˚C, the difference in
adsorption capacity of the SiO2–BT on the Pr3+ and
Nd3+ was up to 236.63 mg/g, and the difference in
adsorption capacity of the SiO2BWT on the Pr3+ and
Nd3+ could reach 190.20 mg/g, showing significant
competitive adsorption between Pr3+ and Nd3+.

Fig. 3. Effect of initial pH (a) and concentration (b) on the adsorption capacity of Pr3+ and Nd3+ in the mixed concentra-
tions on these adsorbents (▲, SiO2–BT; ●, SiO2–BWT).
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Adsorption isotherms data were further fitted by
Freundlich isothermal equations. The experimental
data could be fitted by the classical Freundlich equa-
tion. The Freundlich equation is expressed as follows
[25]:

ln ðqeÞ ¼ 1=n ln ðCeÞ þ ln ðKFÞ (1)

where qe is the adsorption capacity of Pr3+ and Nd3+

at equilibrium (mg/g), Ce is the concentration of Pr3+

and Nd3+ at equilibrium (mmol/L), KF and n are the
Freundlich constants related to adsorption capacity
and adsorption intensity, respectively. The Freundlich
models fitting results were summarized in Table 1.

As shown in Table 1, the Freundlich equation gave
satisfied fitting to the isotherm data with correlation
constant (R2) higher than 0.90, and the theoretical
adsorption capacities were close to those determined
by experiments. All these results suggested that Pr3+

and Nd3+ may be adsorbed in the form of multi-layer
on the surface of the adsorbents (SiO2–BT, SiO2–BWT).

Freundlich equation parameter 1/n is a constant
related to the adsorption force. Smaller value of 1/n
in Table 1 meant stronger adsorption, indicating that
the adsorption of Pr3+ and Nd3+ by the two adsor-
bents (SiO2–BT, SiO2–BWT) can be carried out under
mild conditions.

3.2.3. Adsorption kinetics

The adsorption kinetics of Pr3+ and Nd3+ on the
two adsorbents (SiO2–BT, SiO2–BWT) is illustrated in
Fig. 4(a) and (b). The adsorption capacity of Pr3+ and
Nd3+ sharply increased with the increase in contact
time at the beginning of the adsorption process
(0–40 min), and then gradually reached an equilibrium
value in approximately 60 min. The initial concentra-
tion of Pr3+ and Nd3+ showed no significant effect on
the time to attain adsorption equilibrium. Therefore,
the adsorption of Pr3+ and Nd3+ should take place at
the outer surface of the two adsorbents and the intra-

particle diffusion resistance could be neglected. To
further investigate the adsorption process, pseudo-
second-order rate models were used to fit the adsorp-
tion kinetic data. The pseudo-second-order rate [26]
(2) model is given as follows:

T=qt ¼ 1=ðk2q2eÞ þ t=qe (2)

where qe and qt are the amount of Pr3+ and Nd3+

adsorbed (mg/g) at equilibrium and at time t (min),
respectively, and k2 is the rate constant of the pseudo-
second-order rate model (mg/g min). The absorption
reaction was in accordance with the pseudo-second-
order kinetic equation (Table 2), and it could be con-
sidered as the chemical adsorption reaction.

3.2.4. Effect of initial temperature on adsorption
capacity

Effect of temperature on the adsorption of Pr3+

and Nd3+ is shown in Fig. 4(b) and (d). The effect of
temperature on the adsorption capacity was not obvi-
ous. Adsorption among two REIs, the optimal temper-
ature for high adsorption capacity of Nd3+ and Pr3+

was 40˚C. The best adsorption temperature for SiO2–
BWT on Nd3+ was 50˚C.

ln Ce ¼ DH=ðRTÞ þ ln K

DH ¼ 510:06 KJ=mol

The Ce is adsorption equilibrium concentration
(mmol/L) of different initial concentration. R, T, ΔH ,
and K are adsorption isotherms related to gas constant,
the absolute temperature and enthalpy value,and con-
stant, respectively. The enthalpy change of the adsorp-
tion process with the ln Ce – l/T plot can be plotted at
different temperatures. If ΔH > 40 KJ/mol, it indicates
that it was an endothermic reaction and the adsorption
increased with increasing temperature [27].

3.2.5. Column of absorbents

The breakthrough curve of Pr3+ and Nd3+ mixed
aqueous solutions on the column is shown in Fig. 5(a).
When the effluent volume was 240.0 mL, the two adsor-
bents basically reached the saturation adsorption.
Almost all of the Pr3+ and Nd3+ in the mixed solution
were absorbed by the adsorbents. The desorption curve
is shown in Fig. 5(b). When the concentration was
6 mmol/L, the adsorption rate of Nd3+ and Pr3+ on

Table 1
The Freundlich model parameters of the adsorption of Pr3+

and Nd3+ in the mixed concentrations on these adsorbents

Adsorbents RE3+

Freundlich

R2 KF 1/n

SiO2–BT Pr3+ 0.92 29.54 0.57
Nd3+ 0.96 38.08 1.13

SiO2–BWT Pr3+ 0.93 29.33 0.30
Nd3+ 0.99 40.78 0.99
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SiO2–BT could reach 76.82 and 20.36%, respectively. Sub-
sequently, the adsorbents column was desorbed by H2O,
alcohol and 0.1 mol/L HNO3 solutions, respectively. The

REIs could not be eluted by alcohol and H2O. However,
the resolution rate could reach 98.00% by 0.1 mol/L
HNO3 solution, showing satisfied reusability.

Fig. 4. Adsorption kinetics and effect of initial temperature on the adsorption capacity of rare earth solution (Pr3+, Nd3+)
on SiO2–BT (a, c), SiO2–BWT (b, d).

Table 2
The parameters of pseudo-second-order model

Adsorbents RE3+ qe (calculated value) (mg/g) qe (measured value) (mg/g) Er k2 (g/mg min) R2

SiO2–BT Nd3+ 332.40 329.20 0.0097 3.84 × 10−3 0.99
Pr3+ 298.70 290.90 0.027 4.07 × 10−3 0.83

SiO2–BWT Nd3+ 300.30 298.60 0.0058 2.80 × 10−3 0.99
Pr3+ 205.60 193.70 0.068 8.33 × 10−3 0.93

Note: Er = [qe (calculated value) – qe (measured value)]/qe (measured value) (mg/g).

Fig. 5. (a) the adsorption of Pr3+ and Nd3+ breakthrough curves and (b) the elution of HNO3 desorption curve.

27392 R.-l. Yang et al. / Desalination and Water Treatment 57 (2016) 27386–27395



3.3. Absorption performance in simulated real smelting
water system (La3+, Ce3+, Pr3+, Nd3+)

3.3.1. Effect of initial pH on adsorption capacity of the
adsorbents

Fig. 6(a) and (b) shows the influence of initial pH
on the adsorption capacity of adsorbents (SiO2–BT,
SiO2–BWT) in simulated real smelting water. The
adsorption capacity increased significantly when the
pH increased from 2.0 to 4.0. When the pH was 5.0
(SiO2–BT) and 4.0 (SiO2–BWT), the adsorption capacity
of the two adsorbents reached the maximum value,
the result was the same as the one in the mixed solu-
tions system (Pr3+, Nd3+). When the pH was increased
from 2.0 to 5.0, the adsorption capacity of the two
adsorbents on La3+ and Ce3+ increased obviously
while the adsorption capacity on Pr3+ and Nd3+

increased slightly. A higher pH was beneficial for the
adsorption of La3+ and Ce3+. However, La3+, Ce3+,
Pr3+, and Nd3+ would precipitate under the pH higher
than 5.0.

3.3.2. Effect of initial temperature on adsorption
capacity of the adsorbents

Effect of temperature on the adsorption of La3+,
Ce3+, Pr3+, and Nd3+ is shown in Fig. 6(c) and (d). The
effect of temperature on adsorption capacity was not

obvious. Adsorption among these four REIs, the
optimal temperature for high absorption capacity of
La3+, Ce3+, and Pr3+ was 40˚C. The best adsorption
temperature for SiO2–BWT on Nd3+ was 50˚C.

3.3.3. Effect of initial time on adsorption capacity of the
adsorbents

Fig. 6(e) and (f) indicates that the two adsorbents
showed higher adsorption capacity with prolonged
adsorption time on the four REIs (La3+, Ce3+, Pr3+, and
Nd3+), which could achieve equilibrium adsorption in
about 50 min. At the beginning of the adsorption pro-
cess, adsorption capacity increased fast. A possible
reason was the suitable pH on which rare earth ion
concentration and adsorbent of surfactant adsorption
sites were beneficial for the fast adsorption of RE3+.
Along with the process of adsorption, tannin dissocia-
tion has produced a large amount of H+ into the solu-
tion, leading to a lower pH. Furthermore, the light
rare earth ion concentration in the solution and the
adsorbent surface active adsorption sites reduced dur-
ing the adsorption process. The three reasons above
would result in adsorption capacity growth slowly
and finally achieve the balance.

As shown in Table 3, the Freundlich equation gave
poor fitting to the isotherm data with correlation con-
stant (R2) lower than 0.5, and the theoretical adsorption

Fig. 6. Effect of initial pH, temperature and time on SiO2–BT (a, c, e) and SiO2–BWT (b, d, f) adsorbents in simulated real
smelting water (La3+, Ce3+, Nd3+, Pr3+).
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capacities were not close to those determined by experi-
ments. All these results suggested that the adsorption of
SiO2–BT has followed pseudo-second-order kinetic and
indicated a better selectivity to La3+ [28]. However, the
simulated adsorption of the two adsorbents in simulated
real smelting water didn’t conform to pseudo-second-
order kinetic and fitting parameter didn’t conform to
pseudo-second-order kinetic. The reason was that there
was an adsorption competition on the two adsorbents in
the adsorption of the four REIs [29,30]. The selectivity of
the four REIs on the two adsorbents is shown as follows:
La3+ > Ce3+ > Nd3+ > Pr3+.

4. Conclusions

In this study, aminated silica BT (SiO2–BT) and
aminated silica BWT (SiO2–BWT) have been success-
fully prepared and applied for adsorbing mixed REIs
aqueous solutions. The result showed the two adsor-
bents exhibited better adsorption capacity to Nd3+ than
that of Pr3+ and SiO2–BT exhibited a higher adsorption
capacity than SiO2–BWT. The adsorption kinetics was
in accordance with the pseudo-second-order rate equa-
tions and the resolution rate could reach 98.00% by
0.1 mol/L HNO3 solution, the reaction was the
endothermic and chemical adsorption reaction. The
selectivity of the four REIs on the two adsorbents is
shown as follows: La3+ > Ce3+ > Nd3+ > Pr3+. The
SiO2–BT and SiO2–BWT exhibited best selectivity to
La3+ among these four REIs (La3+, Ce3+, Pr3+, Nd3+).
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