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ABSTRACT

A series of novel absorbents (SiO,-BT, SiO,-BWT and SiO,-BT and BWT) were prepared by
immobilizing plant tannins onto amine-modified silica. The as-prepared absorbents were
characterized by field emission scanning electron microscopy and Fourier transform infra-
red spectrometer. Subsequently, the absorbents were utilized for the removal of Pr** and
Nd** from aqueous solution. We systematically investigated the influences of pH values,
initial concentration of metal on the adsorption capacity, as well as the adsorption kinetics
and adsorption isotherms. The obtained experimental results suggested that among these
absorbents, SiO,-BT exhibited the best performances for the removal of both Pr** and Nd**
in aqueous solutions. Under the optimum conditions, the adsorptive removal efficiency
could reach the adsorption equilibrium just within 60 min, and the adsorption capacities of
Pr’* and Nd** on SiO,-BT were 329.2 and 341.5 mg/g, respectively. It was found that the
adsorption kinetics was well described by the pseudo-second-order kinetic model while the

adsorption isotherms followed the Langmuir adsorption model.
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1. Introduction

Rare earth, known as the vitamin of industry, has
been widely used in many fields of modern society to
improve the material properties, such as permanent
magnets [1], catalytic activity [2], optical parameter
[3], metal, and conductivity [4]. During these applica-
tions, it is inevitable to generate a large amount of rare
earth ions contaminated aqueous solutions, which
may cause potential threats to people’s health and

*Corresponding authors.

environmental safety, if not properly handled [5,6]. To
address this concerned issue, it is essentially impor-
tant to find an effective approach to remove rare earth
ions from aqueous solutions.

Various approaches have been proposed for the
removal of rare earth ions from aqueous solutions,
such as ions exchange [7], extraction chromatography
[8], solvent extraction [9], and absorption [10]. Among
these methods, adsorption is one of the most attractive
techniques that is able to effectively remove pollutants
with low concentration in aqueous solutions [11]. As a
consequence, great effort has been dedicated to
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developing novel adsorbents with high adsorption
capacity and fast adsorption rate to cost-effectively
solve the pollution problems caused by rare earth ions
in aqueous solutions.

Tannins are natural polyphenols, which can be
easily obtained by extraction from leaves, fruits, and
barks of plants [12]. Tannins have abundant adjacent
phenolic hydroxyls on their molecules, which exhibit
high chelating ability towards various metal ions
with empty d-orbital [13,14]. However, tannins are
water-soluble compounds, which need immobilization
onto solid matrices before their practical applications
[15-17]. The already reported tannin-based adsor-
bents have been successfully utilized to remove AU,
uranium, and Cr®" from aqueous solutions, while
there is still an absence in the investigations on rare
earth removal. The existence of wastewater contain-
ing rare earth ions could lead to environmental
pollution if not properly handled. Therefore, it is ex-
tremely urgent to deal with the rare earth ions in
water. Based on these considerations, we attempted
to use tannin adsorbents for the removal of rare earth
ions from aqueous solutions. Silica has good
mechanical, thermal, and chemical stability [18].
Hence, silica could be the ideal supporting matrix to
prepare tannin-immobilized adsorbents with good
physical and chemical properties.

In this work, two typical tannins, bayberry tannin
(BT) and black wattle tannin (BWT) were immobilized
onto silica to prepare three adsorbents (SiO,-BT,
SiO,-BWT and SiO,-BT and BWT). Subsequently, the
as-prepared absorbents were characterized by FTIR
and scanning electron microscopy (SEM). Subse-
quently, these absorbents were used for the removal
of Pr’* and Nd>* from aqueous solutions. The adsorp-
tion removal behaviors were systematically investi-
gated under different experimental conditions. It
should be noted that in the present investigation, we
highlight the use of low-cost plant tannins as adsorp-
tion biomass for the effective removal of light rare
earth ions from aqueous solutions, which features
high adsorption capacity to the rare earth ions.
Another advantage of our strategy is the employment
of SiO, as supporting matrices, which significantly
improves the adsorption kinetics by providing the tar-
get rare earth ions easy access to the immobilized
phenolic hydroxyls. Compared with already reported
activated carbon materials based on physical adsorp-
tion mechanism [19], our prepared organic-inorganic
functional composites materials exhibited substantially
improved adsorption capacity. With regard to the
adsorption kinetics, our adsorbents show obvious
advantages in comparison with anion exchange resin
[20]. Consequently, we provided a cost-effective and
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facile approach for the effective removal of light rare
earth ions from aqueous solutions.

2. Materials and methods
2.1. Reagents

Bayberry tannin (BT) and black wattle tannin
(BWT) were obtained from the barks of Myrica escu-
lenta and black wattle tree, respectively. Pr,O; (CAS:
12036-32-7) was used as the source of praseodymium
ions, while Nd,O5; (CAS: 1313-97-9) was used as neo-
dymium ions. All main reagents were of analytical
grade.

2.2. Preparation of absorbents

2.2.1. Preparation of aminated mesoporous silica
(NH,-5i05)

NH,-5iO, was prepared by a method similar to the
literature [21]. Cyclohexane (CAS: 110-82-7), n-hexanol
(CAS: 25917-35-5), and Triton X-100 (CAS: 9002-93-1)
(4:1:1, V/V) were mixed with constant stirring for
30 min. Then, moderate deionized water was added
into the mixture under constant stirring (10:1, deion-
ized water: Tritonx-100). After 30 min, an emulsion
was formed. Tetraethyl orthosilicate (TEOS) (CAS:
78-10-4) (5mL) and silane coupling agent KH-550
(CAS: 919-30-2) were added into the emulsion, fol-
lowed by vigorous stirring for another 30 min. Then, a
proper amount of NH3H,O (CAS: 1336-21-6) was
dropped in and kept under vigorous stirring for 24 h.
Acetone (CAS: 67-64-1) and anhydrous ethanol (CAS:
67-17-5), used as emulsion breakers, were added into
the emulsion. Finally, NH,-SiO, was obtained by
filtration, extensively washed with deionized water,
and dried in vacuum.

2.2.2. Preparation of bayberry tannin-immobilized
aminated silica (5i0,-BT) and black wattle tannin-
immobilized aminated silica (SiO,-BWT)

0.5 g of BT was dissolved in 100 mL of deionized
water and mixed with 1.0 g NH,-SiO, prepared in Sec-
tion 2.2.1. 10 mL of glutaraldehyde was added into the
mixture which was stirred at 40°C for 6 h. The pH
was adjusted to 2.0, followed by stirring for 24 h. The
SiO,-BT adsorbent was prepared by filtration, fully
washed with deionized water, and dried at 40°C for
24 h in vacuum.

For the preparation of SiO,-BWT, other experimen-
tal conditions were the same as those adopted for the
preparation of SiO,-BT except that the amount of used
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BWT was 0.1 g. In the case of SiO,-BT and BWT, 0.2 g
of BT and 0.2 g of BWT were used for the synthesis.

2.2.3. Characterizations

The absorbents were characterized by infrared
spectrum (FT-IR, Nicolet 2005) and scanning electron
microscopy (SEM, FEI Quanta 250). The samples were
placed on a silicon wafer supported on copper stubs
and coated with 10-nm thick gold dust prior to mea-
surements. Concentrations of the rare earth ions were
analyzed by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, Optima 8000 DV,
Perkin—-Elmer, US).

2.3. Adsorption removal experiments

2.3.1. Effect of initial pH on the adsorption removal
capacity of absorbents

0.1 g of absorbents were suspended in 50 mL light
rare earth ions solutions (of Pr’* and Nd’*, respec-
tively). The concentrations of Pr** and Nd** were
3.0 g/L. This selected concentration is attempted to
simulate the high concentration of practical wastewa-
ter generated in rare earths mineral industry.

The pH of solutions was in the range of 2.0-6.0.
The adsorption removal process was conducted at
40°C with constant shaking for 1 h. Subsequently, the
concentration of Pr’* or Nd** in filtrate was analyzed
by ICP-OES. The adsorption removal capacity was
calculated from the concentrations of the two light
rare earth ions before and after the adsorption.

2.3.2. Adsorption kinetics studies

The adsorption kinetics of the two light rare earth
ions were conducted by suspending 0.1 g of absor-
bents in 50 mL of 3.0 g/L Pr’* and Nd** solution, for
which the pH was adjusted to 5.0. The adsorption pro-
cess was conducted at 40°C with constant shaking.
The concentration of Pr** and Nd>" were analyzed at
regular intervals during the adsorption process.

2.3.3. Adsorption isotherm studies

Isotherm studies were carried out with initial con-
centrations of light rare earth ions ranging from 0.5 to
4.0 g/L. The pH of the solutions was adjusted to 5.0,
which is the optimal pH. 0.1 g of absorbent was added
into the solutions. The adsorption process was con-
ducted with constant shaking at 40°C for 1 h. Subse-
quently, the concentrations of Pr’* and Nd** in the
filtrate were analyzed.
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3. Results and discussions
3.1. Preparation and characterization of absorbents

The preparation of SiO,-BT, SiO,-BWT and SiO,-
BT and BWT is illustrated in Fig. 1. Silica was usually
used as support matrix due to its good chemical-
physical properties [22]. Herein, we modified the silica
with amino groups by the reverse micro-emulsion so
that the plant polyphenols can further be chemically
grafted onto silica.

There were large amount of adjacent phenolic
hydroxyls on the B-rings of BT and BWT (Fig. 2),
which exhibit specific affinity for many metal ions via
forming five-member chelate ring [23]. Furthermore,
the high nucleophilic reaction activity of Cq in A-rings
has endured BT and BWT the ability to form covalent
bond with electrophilic chemicals, such as glutaralde-
hyde, which could react with amino groups on the
surface of SiO, [24]. Thus, BT and BWT could be
immobilized onto the aminated silica via Mannich
reaction to prepare absorbents for the removal of rare
earth ions [25].

3.2. Characterization of SiO,-BT, SiO,-BWT, and SiO,-BT
and BWT

FTIR spectra of the NH-5i0,, SiO,-BT, SiO,-BWT,
and SiO,-BT and BWT are shown in Fig. 3. As shown
in Fig. 3(a), the absorption band at 1,286.4 cm™" is due
to the stretching vibration of structural Si-O-Si of
NH,-5iO, and the band at 461.7 cm™ " is attributed to
the Si-O-Si bending vibration [26,27]. The band at
34254 cm™' could be ascribed to the -OH bending
vibration [28], which is located on the surface of silica.
The absorption band at 786.6 cm™' is assigned to the

Tannins

Mannich
L

Reaction

RE+

Fig. 1. Preparation of SiO,-BT, SiO,-BWT and SiO,-BT and
BWT.



18532

Y.-y. Shen et al. | Desalination and Water Treatment 57 (2016) 18529-18536

Bayberry Tannin

Black Wattle Tannin

Fig. 2. Structures of bayberry tannin (BT) and black wattle tannin (BWT).
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Fig. 3. FT-IR spectra of NH-5iO, (a), SiO,-BT (b), SiO,-
BWT (c), and SiO,-BT and BWT (d).

Si-OH stretching vibration. The band at 1,638.3 cm™"
is attributed to the HOH bending vibration [29], which
results from H,O in NH,-5iO,. In general, KH-550 in
the sample was confirmed by the foregoing analysis.
The results of elemental analysis show that the content
of nitrogen in NH,-SiO, is 5.767%, and the content of
carbon is 16.005%, suggesting that the amino modifica-
tion onto silica particles surface is achieved. The FTIR
spectrum of SiO,-BT is shown in Fig. 3(b). The absorp-

tion band at 1,286.4 cm™' is assigned to asymmetric
stretching vibration of structural Si-O-Si (in NH,-
Si0,), and the band at 461.7 cm ! is attributed to the
Si-O-5i bending vibration [30]. The band at
34253 cm ™' is due to the phenolic hydroxyl (in the
molecule of BT) stretching vibration and the -OH (in
NH,-SiO,) stretching vibration [31]. The absorption
bands at 1,638.3 and 1,453.9 cm™! are attributed to
the benzene skeleton (in BT molecules) vibration. The
adsorption band at 1,453.4 cm™ is assigned to the
phenolic hydroxyl in benzene ring, and the one at
2,932.7 cm™ belongs to saturated C-H bond, indicat-
ing that the BT are grafted onto SiO,. The absorption
band of 3,425.4 cm ™! in Fig. 3(c) is due to the stretch-
ing vibration of hydroxyl in BWT molecule and SiO,.
The band at 2,932.6 cm ' is attributed to saturated
C-H bond stretching vibration [32]. The absorption
bands at 1,628.3 and 1,453.5cm™ ! are attributed to
the vibration of benzene rings in BWT molecules,
suggesting that the BWT are grafted onto silica. The
absorption bands in Fig. 3(d) confirm that the BT
and BWT molecules are immobilized onto the SiO,
matrix.

The SEM images of NH,-5iO,, SiO,-BT, SiO,-BWT
and SiO,-BT and BWT are shown in Fig. 4. It can be
observed that the particle morphologies of SiO,-BT,
Si0,-BWT, and SiO,-BT and BWT have no significant
changes compared with NH,-S5iO,, which is formed
from the aggregation of small particles of SiO,-BT,
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Fig. 4. SEM images of NH,-5iO,, SiO,-BT, SiO,-BWT, and SiO,-BT and BWT.

SiO,-BWT, SiO,-BT and BWT. The most possible rea-
son is that the hydrogen bonds could be formed
between the hydroxyls of BT or BWT, which leads to
the particle cluster observed by us [33].

3.3. Effect of pH

Fig. 5 shows the effect of initial pH on the adsorp-
tion capacity of adsorbents to the light rare earth ions.
The optimal adsorption pH of SiO,-BT to Pr’* and
Nd>" are 4.0 and 5.0, respectively, while the optimal
adsorption pH of SiO,-BWT on Pr’* and Nd>" are 5.0
and 6.0, respectively. Both the optimal adsorption pH
of SiO,-BT and BWT to Pr®* and Nd>* are 5.0.

The dissociation degree of phenolic hydroxyls in
BT and BWT should be influenced by the pH of solu-
tion [34]. When the pH of the solution is low, high
concentrations of H* will restrain the dissociation of
phenolic hydroxyls, resulting in a low adsorption
capacity of Pr°* and Nd**. In a solution with high pH,
the dissociation of phenolic hydroxyls in BT and BWT
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Fig. 5. Effect of initial pH on the adsorption capacity of
light rare earth ions.

will be promoted, thus showing high capacity of Pr**
and Nd”*.
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3.4. Adsorption kinetics

The effects of adsorption time on the adsorption
capacity of Pr’* and Nd*' in a single system are
shown in Fig. 6. The adsorption equilibrium of Pr’*
and Nd’" on these adsorbents could be achieved
around 60 min. At the beginning of the adsorption,
the adsorption capacity is increased significantly.
Subsequently, the adsorption capacity increases slowly
in middle stage. Finally, it changes slightly and tends
to reach the equilibrium with a platform. This fast
adsorption kinetics could be attributed to the low
mass transfer resistances, which has been greatly
enhanced by the porous structures of the adsorbents
(BT-SiO,, SiO,-BWT, SiO,-BT and BWT). The porous
structures provided both Pr** and Nd>" easy access to
the adsorption sites, resulting in high adsorption rate.
The fast adsorption rate of Pr’* and Nd** on these
adsorbents (BT-5i0,, SiO,-BWT, SiO,-BT and BWT)
indicated that they could be suitable for the adsorptive
recovery of Pr°* and Nd>* from large amount of solu-
tions with appropriately diluted concentration.

The adsorption kinetics data were further fitted by
the pseudo-second-order rate model, which was
expressed in the following equation [35]:

t/q, = (1/kq2) + (1/g)t (1>

where g. and g; are the adsorption capacity (mg/g) of
Pr** and Nd>* at equilibrium and at time ¢ (min),
respectively, and k (g/(mg min)) is the pseudo-sec-
ond-order rate constant.

Good correlation coefficients (R*>0.99) of these
adsorption processes were obtained for the pseudo-
second-order kinetics model.

350
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Fig. 6. Time effect on adsorption capacity of light rare
earth ions.
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3.5. Adsorption isotherms

Fig. 7 illustrates the experimental adsorption
isotherms of these adsorbents (BT-SiO,, SiO,-BWT,
SiO,-BT and BWT) to Pr®* and Nd*'. When the
concentrations of Pr’* and Nd>" are increased in the
solutions, the adsorption capacities of these adsorbents
are increased significantly at initial low concentration,
and then, increased slowly thereafter.

Adsorption isotherms data were further fitted by
Langmuir [36] and Freundlich [37] isothermal equa-
tions. The Langmuir (2) and Freundlich equations (3)
are expressed as follows:

qe = qmabee/(l + bCC) (2)
9. = KC/" 6)

where C, is the equilibrium concentration (g/L), g, is
the equilibrium adsorption capacity (mg/g), gmax is
the maximum adsorption capacity (mg/g), b and K
are the Langmuir constant and the Freundlich con-
stant, respectively.

It is shown in Fig. 7 that the Langmuir model pro-
vides a much better description to the isotherm data.
The results fitted by Langmuir and Freundlich models
are summarized in Table 1.

As shown in Table 1, the Langmuir equation gives
satisfied fitting to the isotherm data with correlation
constant (R®) higher than 0.99. As for the gas-solid
adsorption, the Langmuir isotherm model indicates a
monolayer coverage of adsorbate over the homoge-
neous surface of adsorbent, and each molecule
adsorbed on the surface has equal adsorption activa-

350
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250 -
g —=—8i0,-BT, Nd**
% 200 + —e—Si0,-BT, Pr**
¢ —A—Si0,-BWT, Nd**
150 4 —v—Si0,-BWT, Pr**
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100 1 ——Si0,-BT&BWT, Pr¥*
T T T T T

T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Celg/L)

Fig. 7. The experimental adsorption isotherms of light rare
earth ions.
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Table 1
The Langmuir and Freundlich model parameters of the adsorption of light rare earth ions on these absorbents
Langmuir Freundlich
Adsorbents RE** R? m Ry Ky R? Ke 1/n
SiO,-BT Prt 0.9965 344.83 0.118 0.0021 0.9880 20.086 0.3425
Nd* 0.9958 357.14 0.082 0.0031 0.9783 33.784 0.2893
SiO-BWT Pr* 0.9973 358.42 0.166 0.0014 0.9857 10.88 0.4155
Nd* 0.9980 353.36 0.166 0.0014 0.9708 9.905 0.4265
SiO,-BT and BWT Prt 0.9973 358.42 0.166 0.0014 0.9857 10.88 0.4155
Nd** 0.9974 359.71 0.140 0.0017 0.9876 14.44 0.3852
tion energy, while the Freundlich isotherm model References

believes that the adsorption occurs on a heterogeneous
surface of adsorbent. The above experimental results
suggest that the phenolic hydroxyls grafted on the
surface of SiO, should have even distribution and play
equal role as active adsorptive sites regardless of their
locations. Therefore, Pr** and Nd** may be adsorbed
in the form of monolayer on the surfaces of SiO,-BT,
SiO,-BWT, and SiO,-BT and BWT, respectively.

4. Conclusion

In the present investigation, bayberry tannin-
immobilized aminated silica (S5i0,-BT), black wattle
tannin-immobilized aminated silica (5i0,-BWT) and
bayberry tannin and black wattle tannin-immobilized
aminated silica (S5iO,-BT and BWT) have been success-
fully synthesized and applied for the removal of
Pr’* and Nd*>* from aqueous solutions. It was found
that SiO,-BT showed the best adsorption performances
for the removal of both Pr** and Nd** in aqueous
solutions among these absorbents. Under optimum
conditions, the adsorption equilibrium was achieved
within 60 min, showing extremely fast adsorption
kinetics. The adsorption capacity of SiO,-BT to Pr’*
and Nd** was 329.2 and 341.5mg/g, respectively.
The adsorption kinetics was adequately described by
the pseudo-second-order kinetic equations, while the
adsorption isotherms followed the Langmuir equa-
tions. In conclusion, SiO,-BT is suitable for the effec-

tive removal of Pr’* and Nd** from aqueous
solutions.
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