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This study describes a new approach for the preparation of tannin-immobilized adsorbent by using
mesoporous silica bead as the supporting matrix. Bayberry tannin-immobilized mesoporous silica bead
(BT-Si0;) was characterized by powder X-ray diffraction to verify the crystallinity, field-emission scan-
ning electron microscopy to observe the surface morphology, and surface area and porosity analyzer
to measure the mesoporous porous structure. Subsequently, the adsorption experiments to Cr(Ill) were
applied to evaluate the adsorption performances of BT-SiO,. It was found that the adsorption of Cr(III)
onto BT-SiO;, was pH-dependent, and the maximum adsorption capacity was obtained in the pH range of
Mesoporous silica bead 5.0-5.5. The adsorption capacity was 1.30 mmol g~! at 303 K and pH 5.5 when the initial concentration of
Immobilization Cr(Il) was 2.0 mmol L~'. Based on proton nuclear magnetic resonance (HNMR) analyses, the adsorption
Cr(1) mechanism of Cr(IlI) on BT-SiO, was proved to be a chelating interaction. The adsorption kinetic data can
Adsorption be well described using pseudo-first-order model and the equilibrium data can be well fitted by the Lang-
muir isothermal model. Importantly, no bayberry tannin was leached out during the adsorption process
and BT-SiO, can simultaneously remove coexisting metal ions from aqueous solutions. In conclusion,
this study provides a new strategy for the preparation of tannin-immobilized adsorbents that are highly
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effective in removal of heavy metals from aqueous solutions.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Chromium [Cr(IlI)] compounds are widely used in modern
industries, such as leather making, metal finishing, and petroleum
refining [1,2], which inevitably results in a large quantity of
Cr(Ill)-contaminated industrial effluents. Waters containing a high
concentration of Cr(Ill) are extremely harmful to human beings
because they are non-biodegradable in living tissues and would
induce toxic and carcinogenic health effects on humans [3]. There-
fore, the removal of Cr(Ill) from aqueous solutions arouses great
attention. Many methods have been established for the removal of
metal ions from aqueous solutions, such as chemical precipitation,
membrane separation, electrolytic reduction, ion exchange, and
adsorption [4-9]. Among these methods, adsorption is more useful
and economical method for the removal of metal ions at low con-
centration (<100 mgL~1)in aqueous solutions [10,11]. Accordingly,
great effort has been put into the development of new adsorbents
that are able to effectively remove Cr(IIl) ions from aqueous solu-
tions [3,12,13].

* Corresponding author. Tel.: +86 28 85400382; fax: +86 28 85400356.
E-mail address: xpliao@scu.edu.cn (X. Liao).

More recently, tannin has emerged as a potential alternative for
the removal of heavy metals from aqueous solutions [14,15]. Tan-
nins are natural plant extracts and contain high content of multiple
adjacent phenolic hydroxyls in their molecules, and thus they have
strong chelating ability towards many heavy metal ions includ-
ing Cr(1ll), Pb(I1), Hg(Il), Cd(I1) and Au(ll) [16-18]. Since tannins
are water-soluble compounds, they often need to be immobilized
onto water-insoluble matrixes such as agarose [19], cellulose [20],
hydrotalcite [21], and collagen fiber [22]. Our previous investi-
gation indicated that tannin-immobilized collagen fiber exhibited
outstanding adsorption capacity to many metal ions [22-24]. How-
ever, in this adsorbent, a part of phenolic hydroxyls of tannins
have interacted with collagen fibers through hydrogen bonds, and
hence the adsorption capacity of tannins to metal ions was not fully
represented. Therefore, new approaches for the immobilization of
tannins should be developed to improve the adsorption capacity of
tannin-immobilized adsorbents as well as its adsorption kinetics.

Silica matrix has received great attention since it shows excel-
lent swelling resistance in different solvents and a good mechanical,
thermal and chemical stability [25]. So it is possible to obtain
tannin-immobilized adsorbents with excellent physical and chem-
ical properties by using silica as a supporting matrix. On the basis
of this idea, we designed a new adsorbent for the removal of
Cr(III) ions by immobilizing bayberry tannin onto mesoporous silica
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(Si03) bead. Bayberry tannin-immobilized mesoporous silica bead
(BT-Si0O,) is expected to have fast adsorption rate and high adsorp-
tion capacity towards Cr(Ill) ions due to the permanent mesopore
structure of SiO, bead and abundant accessible multiple adjacent
phenolic hydroxyls of bayberry tannin. In this study, the adsorption
behaviors of this new adsorbent to Cr(IlI) ions were investigated. In
addition, the adsorption mechanism of BT-SiO, to Cr(IIl) ions was
also studied using proton nuclear magnetic resonance (HNMR).

2. Materials and methods
2.1. Reagents

Bayberry tannin (BT) was obtained from the barks of myrica
esculenta by extraction with an acetone-water solution (1:1, v/v),
followed by spray drying [26]. The tannin content of the extract
was 76.3% determined using hide powder method, a national stan-
dard method of China (Code: GB2615-81) [27]. Cr(NOs3)3-6H,0
and all other chemicals were analytical grade reagents. The stock
solution of Cr(Ill) (10.0mmolL-1) was prepared by dissolving
Cr(NO3)3-6H,0 into deionized water, and it was diluted to an
appropriate concentration when used. Diluted HNO3 and NaOH
solutions were used for adjusting the initial pH of solutions.

2.2. Preparation of adsorbents

2.2.1. Preparation of aminated mesoporous SiO, beads

Aminated mesoporous SiO, beads were prepared following
a methodology similar to that described by Cheng et al. [28].
Briefly, 4.0 mL of cyclohexane, 1.0mL of n-hexanol, and 1.0 mL
of TritonX-100 were added into 300.0 mL deionized water under
constant stirring. After 5-10min, a fine emulsion was formed.
9.0 mL of tetraethyl orthosilicate (TEOS, silica source) and 3.0 mL of
3-aminopropyl-triethoxysilane (APES, aminating agent) were sub-
sequently added into the emulsion and kept vigorous stirring for
12 h. Then a proper amount of ammonia (NH3-H,0) was dropped
in so as to promote the hydrolysis of TEOS and APES. After stirring
for 12 h, 2 mL of acetone, used as an emulsion breaker, was added
into the emulsion, followed by vigorous stirring for another 12 h.
Finally, snow-white mesoporous SiO, beads were obtained by fil-
tration, extensively washed with deionized water, and then dried
at373K.

2.2.2. Preparation of BT-SiO, adsorbent

1.0 gof BT wasdissolved in 100 mL of deionized water and mixed
with 1.0 g of aminated mesoporous SiO; beads prepared in Section
2.2.1. The mixture was stirred at 298 K for 2 h, and then 4 mL of glu-
taraldehyde (50%, w/w) was dropped into the mixture. Afterwards,
the mixture was first stirred at 298 K for 24 h. Subsequently, brown
BT-SiO, adsorbent was obtained by filtration, fully washed with
deionized water and dried in vacuum at 323 K for 12 h. BT grafting
degree of BT-SiO, was calculated according to the concentration
difference of BT before and after the immobilization, measured by
using ultraviolet visible (UV-vis). Additionally, the preparation of
BT-SiO, adsorbent was repeated several times, and it showed good
reproducibility.

2.2.3. Characterization of adsorbent

Specific surface area, pore size and pore size distribution of the
samples were determined with surface area and porosity analyzer
(TriStar 3000, Micromeritics, US) using nitrogen as the adsorption
gas. Powder X-ray diffraction (XRD) spectra were obtained from
X-ray diffractometer (X’pert ProMPD, Philips, Holland). Surface
morphologies were examined by field-emission scanning electron
microscopy (Fe-SEM, S-4800, Hitachi, Japan). The pH-dependence
of the zeta potential of BT-SiO, was measured instrumentally

(Laser Zee3.0, Pen Kem Inc.) and the pH corresponding to zero point
of charge (pHzpc) of BT-SiO, was determined.

2.2.4. Adsorption experiments

2.2.4.1. Effect of initial pH on the adsorption capacity of BT-SiO, to
Cr(lll). Adsorption experiments were carried out in 100 mL of 1.0
and 2.0 mmol L~ Cr(Ill) solution, in which the adsorbent dose was
0.1 g. The pH of the solutions, ranged from 2.5 to 5.5, was adjusted
using diluted HNO3 solution and NaOH solution. The adsorption
process was conducted at 303K with constant stirring for 24 h.
Then, the suspension was filtered and the concentration of Cr(IIl) in
filtrate was analyzed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES, Optima 2100 DV, PerkinElmer, US). The
adsorption capacity of Cr(IIl) onto BT-SiO, was calculated from the
concentration difference of Cr(IIl) before and after the adsorption.
The adsorption of Cr(IIl) onto commercial SiO, was also carried out
as a control experiment.

2.2.4.2. HNMRstudies. Inorder toinvestigate the adsorption mech-
anism of BT-SiO, to Cr(Ill), proton nuclear magnetic resonance
(HNMR) technique was employed. Considering the complexity of
molecular structure of BT, pyrogallic acid was used as a model
compound to simulate the interaction between BT and Cr(IIl). The
HNMR spectrum of pyrogallic acid-Cr(IIl) reaction product was
measured by Bruker DPX400 NMR instrument using DMSO-d6 as
solvent. For comparison, the HNMR analysis of pyrogallic acid was
also performed.

2.2.4.3. Adsorption isotherm studies. Adsorption experiments were
carried out in 100 mL of Cr(III) solution, where the initial concen-
trations of Cr(Ill) ranged from 0.1 to 4.0mmolL-! and the dose
of BT-SiO, was 1.0gL~1. The pH of the solutions was 5.5 and
the adsorption process was kept at 303 K for 24 h. The adsorption
process was also conducted in the presence of NaNO3 with con-
centration of 10 and 100 mmol L1, respectively. The adsorption
capacity at equilibrium was calculated by the mass balance of Cr(III)
before and after adsorption.

2.2.4.4. Adsorption kinetics studies. 0.1 g of BT-SiO, was suspended
in 100 mL of 1.0mmol L~ Cr(IIl) solution. The pH of the solutions
was adjusted to 5.5 and the adsorption process was conducted at
303 K with constant stirring. The concentration of Cr(Ill) was ana-
lyzed at a regular interval during adsorption process.

2.2.4.5. Effect of adsorbent dose on the adsorption of Cr(lll). The
adsorption experiments was carried out in 100 mL of 1.0 mmol L~!
Cr(IIT) solution, in which the adsorbent dose varied from 0.01 to
0.4g. After 2h of adsorption, the concentration of Cr(Ill) in the
solutions was analyzed by ICP-AES

2.2.4.6. Effect of coexisting metal ions on the adsorption of Cr(IlI).
Desired amounts of BT-SiO, (0.1, 0.2 and 0.3g) was added
into 100 mL mixture solution of Cr(NOs3)s;, Fe(NO3)3, Cu(NO3),,
AI(NO3)3, and Ca(NOs),, in which the concentrations of all metal
ions were 0.1 mmolL~! and the initial pH of the solutions was 5.5.
After 2 h of adsorption, the concentrations of Cr(Ill) and other metal
ions in the solutions were analyzed by ICP-AES.

2.2.4.7. Stability of BT-SiO, adsorbent. In view of practical appli-
cation, the BT immobilized onto SiO, beads should be stable
during the adsorption process. Thus, a precise and sensitive spec-
trophotometric procedure described by Butler et al. was used to
quantitatively analyze the BT leaked from the adsorbent [29].
This method is based on the reduction of ferric ion to ferrous
ion in the presence of tannin, followed by the formation of a
ferricyanide-ferrousion complex, called Prussian blue. The mixture
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Scheme 1. The proposed synthetic routing of BT-SiO, adsorbent.
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solution shows maximum absorbance at 720 nm, and therefore, the
tannin content can be determined by testing the corresponding
absorbance at 720 nm (A729) (as shown in supporting information
(SI) 1 and SI 2).

3. Results and discussion
3.1. Preparation and characterization of BT-SiO, adsorbent

As illustrated in Scheme 1, BT belongs to condensed tannin
and consists of polymerized flavan-3-ols. The B rings of BT have a
structure of multiple adjacent phenolic hydroxyls, which exhibit
specific affinity for many metal ions via forming five-member
chelate ring [30,31]. The Cg of A-rings of BT has high nucleophilic
reaction activity, and can form covalent bond with electrophilic
agents like glutaraldehyde. In addition, glutaraldehyde is able to
react with amino groups immobilized onto the surface of SiO, bead
[32,31]. Thus, BT-SiO; can be prepared using glutaraldehyde as the
cross-linking agent to immobilize BT onto SiO, bead, as shown in
Scheme 1. The multiple adjacent phenolic hydroxyls of the Brings in
BT molecules are not involved in the cross-linking reaction, which
maximally retains the adsorption capacity of BT to heavy metal
ions. On the other hand, many other condensed tannins, like black
wattle tannin and quebracho tannin, are also suitable for prepara-
tion of tannin-immobilized SiO, bead due to their similar molecular
structure and chemical properties compared with BT.

After the immobilization of BT, the snow-white color of SiO;
beads was changed into dark brown, which confirmed that BT was
successfully immobilized onto SiO, bead. The grafting degree of
BT on BT-SiO, was 42.3% (w/w) calculated according to UV-vis
measurements. The surface morphologies of BT-SiO, adsorbents
were taken from Fe-SEM. As shown in Fig. 1, no precipitate of BT
was observed on the surface of SiO, beads, which suggests that
BT was well dispersed onto the surface of SiO, beads, and thus
favors the adsorption of heavy metal ions onto BT-SiO, adsorbent.
Compared with untreated SiO, bead, the XRD pattern of BT-SiO,
(inserts in Fig. 1) shows the similar amorphous peak of silica at
24.4°, indicating the well preservation of SiO, structure after the
immobilization of BT.

BT-SiO, adsorbent has a BET surface area of 111.12m?g"!
and a total pore volume of 0.29cm3 g~! based on the analysis of
surface area and porosity analyzer. The N, adsorption/desorption
isotherms and the pore size distribution of BT-SiO, are illustrated
in Fig. 2. An obvious hysteresis loop can be observed in the adsorp-
tion/desorption isotherms of BT-SiO,, indicating that the porous
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Fig. 1. Fe-SEM images and XRD pattern (inserts) of BT-SiO, adsorbent.
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structure of SiO, beads is still preserved after the immobilization
of BT [33]. In addition, the pore size distribution of BT-SiO, is
mainly in the range of 8.0-20.0 nm and a major peak is located at
11.0 nm (Fig. 3 inserts), which suggests that most of the pores inside
the BT-SiO, adsorbent are in mesoporous structure [34,35]. It is
generally accepted that mesoporous adsorbent has much higher
adsorption rate compared with corresponding microporous or non-
porous adsorbent, because the permanent mesoporous structure
provides adsorbates an easy access to the adsorption sites, and
thus decreases the mass transfer resistance during adsorption pro-
cess [36,37]. From this point, a fast adsorption rate of Cr(Ill) onto
BT-SiO; can be expected. It was found that the pHzpc of BT-SiO;
was pH 4.01 (as shown in SI 3).

3.2. Effect of initial pH on the adsorption of Cr(Ill)

The Cr(III) in aqueous solution will precipitate at pH = 6.0 [38].
So adsorption experiments were conducted in the initial pH range
of 2.5-5.5. Fig. 3 presents the effect of initial pH on the adsorption
of BT-Si0, to Cr(IIl). Both for 1.0 and 2.0 mmol L~ Cr(IlI) solutions,
the adsorption capacity of BT-SiO, to Cr(Ill) slightly increased in
the pH range of 2.5-4.0, and then sharply increased in the pH range
of 4.0-5.5. These facts indicates that the adsorption of Cr(IIl) onto
BT-Si0, is highly pH-dependent and is increased with the increas-
ing pH of solution. Thermodynamic analysis indicates that Cr(III)
mainly exists as Cr3*, CrOH%* and Cr,(OH),** in the pH range of
2.5-5.5, as shown in Fig. 4. In the pH range of 2.5-3.9, the surface of
BT-SiO, is positively charged because the solution pH is lower than
the pHypc of BT-SiO. Thus, the chelating interaction of Cr(III) with
phenolic hydroxyls of BT is suppressed, and the adsorption capacity
is relatively lower. When the solution pH is higher than the pHzp. of
BT-SiO,, the surface of BT-SiO; is negatively charged while more
phenolic hydroxyls of BT are ionized at higher pH, which signif-
icantly promote the chelating interaction of Cr(Ill) with BT-SiO,,
resulting in the obvious increase of adsorption capacity in the range
0f4.0-5.5. As the increase of initial Cr(Ill) concentration, the adsorp-
tion capacity of Cr(Ill) on BT-SiO, also increases. For example, the
adsorption capacity of Cr(Ill) increases from 0.77 to 1.31 mol g1 as
the initial Cr(III) concentration increases from 1.0 to 2.0 mmol L1,
This should be due to a high driving force for mass transfer at the
higher initial concentration of Cr(III). Similar phenomenon was also
observed by other researchers [30]. In control experiment, com-
mercial SiO, had much lower adsorption capacity compared with
BT-SiO, adsorbent, which confirms that the adsorption of BT-SiO,
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to Cr(Ill) is mainly attributed to the immobilized BT. The maximum
adsorption capacity was obtained at pH 5.5. So the following exper-
iments were carried out in pH 5.5. In addition, BT-SiO5 is stable in
the pH range of 2.5-5.5 due to the fact that no solubility of SiO,
or color change of the solution is observed during and/or after the
adsorption process. In order to confirm that Cr(Ill) is absorbed on
BT-SiO, via chelating interaction with phenolic hydroxyls of BT,
pyrogallic acid was used as a model compound to stimulate the
interaction between BT and Cr(Ill). The HNMR spectra of pyrogallic
acid before and after interaction with Cr(III) are given in supporting
information (SI4). Based on the HNMR analyses, it can be concluded
that BT-SiO,, is able to absorb Cr(Ill) by chelating reaction through
adjacent phenolic hydroxyls of pyrogallol structure.

3.3. Adsorption isotherm studies

Fig. 5 shows adsorption isotherms of BT-SiO to Cr(IIl) at 303 K.
BT-SiO, showed high adsorption capacity for Cr(Ill) in aqueous
solutions, which is related to the large number of multiple adjacent
phenolic hydroxyls of BT. For example, when the initial concen-
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Fig. 5. Adsorption isotherms of Cr(Ill) onto BT-SiO; (pH 5.5).
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tration of Cr(Ill) was 2.0 mmol /L, the adsorption capacity of Cr(III)
was high up to 1.30mmol g~!. On the other hand, the adsorption
capacity of BT-SiO, to Cr(IIl) is almost unchanged at low concentra-
tion of NaNO3 (10 mmol L-1), while the effect of NaNO3 cannot be
neglected at higher concentration (100 mmol L-1), indicating that
the adsorption of Cr(Ill) on BT-SiO, is ionic strength dependent.
Although the adsorption capacity of Cr(Ill) on BT-SiO, is affected
at higher concentration of NaNOs, it still retains at relatively high
level. Strong chelating ability of BT to Cr(Ill) ions could be the
reasonable explanation for the appreciable adsorption capacity of
BT-SiO5.

Adsorption isotherm data were further analyzed by the Lang-
muir model, which is expressed as [39]:

(maxbCe
== ° 1
9e=717bc, (1)

where C. is the equilibrium concentration (mmolL-1), g is the
equilibrium adsorption capacity (mmolg=1), gmax and b are the
maximum adsorption capacity (mmol/g) and the Langmuir con-
stant relating to the strength of adsorption, respectively. The
Langmuir model is based on several assumptions such as a homo-
geneous surface of adsorbent, a monolayer adsorption, a constant
energy distribution and no interactions between adsorbed species
[40]. In this study, the Langmuir model gave satisfactory fitting
to the adsorption isotherm data with correlation constants higher
than 0.99, indicating that Cr(Ill) may be adsorbed in the form of
monolayer on the surface of BT-SiO5.

In general, there is no theoretical model to describe the adsorp-
tion isotherms of liquid adsorption. The adsorption isotherm
models used in gas adsorption are always used to describe the
liquid adsorption, such as the Langmuir equation and the Fre-
undlich equation. For gas adsorption, the monolayer coverage
and/or chemical adsorption isotherms can be well described by the
Langmuir model, which has strong theoretical basis. In other words,
the adsorption mechanism should be monolayer coverage and/or
chemical adsorption if the adsorption isotherms can be described
by the Langmuir equation for a gas adsorption.

With regard to the adsorption isotherms in this research, it
can be well described by the Langmuir equation. Furthermore,
the chelating interaction is proved to be the mechanism of Cr(III)
adsorption on BT-SiO,. Thus, it is reasonable to suggest that Cr(III)
is adsorbed in the form of monolayer coverage on the surface of
BT-SiO5.

3.4. Adsorption kinetic studies

The adsorption kinetic data are illustrated in Fig. 6. It can be
seen that the adsorption rate of Cr(Ill) onto BT-SiO is very fast.
In the first 20 min, more than 69% of Cr(Ill) was adsorbed, and
the adsorption equilibrium was reached at 90 min with a Cr(III)
recovery percent of 77.84%. It should be noted that the adsorption
rate of Cr(Ill) onto BT-SiO, was so fast that the adsorption capac-
ity was high up to 0.56mmolg~! even in the first 5min. Some
other researchers also reported the fast adsorption rate of SiO,-
based adsorbents [41,42]. In addition to the large specific surface
area of BT-SiO, (~110m2g-1), the fast adsorption rate of Cr(III)
may be also attributed to the mesoporous structure of BT-SiO,,
which provides Cr(IIl) ion an easy access to the active sites of the
adsorbent, and in turn decreases the mass transfer resistance and
thus increases the adsorption efficiency. Based on the adsorption
kinetic studies, all the subsequent adsorption experiments were
performed for 2 h, which was considered sufficient for the removal
of Cr(III).
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Fig. 6. Kinetics studies of Cr(Ill) adsorption onto BT-SiO, (pH 5.5, initial concentra-
tion of Cr(Ill)=1.0 mmol L~1).

The adsorption kinetic data were further analyzed using pseudo-
first-order-rate model, which is expressed as [43]:

k
log(ge — q¢) = logqe — mt (2)

where g, and q; are the amount of Cr(Ill) adsorbed (mmolL-1) at
equilibrium and at time t (min), respectively, and k is the rate con-
stant of the pseudo-first-order-rate model (min~!). Based on the
experimental data of g; and ¢, ge, k, and the correlation coefficient
(R?) can be determined, respectively, from the slope and intercept
of a plot of t/q; versus t [44]. It was found that pseudo-first-order
model gives a satisfied fitting to the experimental data with corre-
lation coefficients higher than 0.99, and the calculated equilibrium
adsorption capacity g is 0.76 mmol g~1, which is very close to the
experimentally determined adsorption capacity of 0.77 mmol L.
Consequently, the pseudo-first-order model can be used to describe
the adsorption of Cr(Ill) onto BT-SiO, adsorbent.
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Table 1
Effect of coexisting metal ions on the adsorption of BT-SiO, to Cr(III) (pH 5.5).

Adsorbent dose (gL-1) Metal ions Concentration before Concentration after Removal extent (%)
adsorption (mgL~!) adsorption (mgL~!)

3.0 Cr(I11) 52.14 0.82 98.44
Fe(III) 5.52 0 100
Cu(lr) 6.58 0.17 97.49
AI(IIT) 2.72 0.003 99.89
Ca(ll) 4.10 0.46 88.76

2.0 Cr(IIT) 52.14 3.85 92.62
Fe(IlI) 5.52 0.19 96.58
Cu(1r) 6.58 0.58 91.19
AI(IIT) 2.72 0.01 99.49
Ca(lI) 4.10 1.43 65.20

1.0 Cr(I11) 52.14 9.85 81.12
Fe(IIl) 5.52 1.07 80.66
Cu(1r) 6.58 1.96 70.28
Al(IIT) 2.72 0.08 96.99
Ca(II) 4.10 1.30 68.41

3.5. Effect of adsorbent dose on the adsorption of Cr(Ill)

As shown in Fig. 7(a), the removal extent of Cr(Ill) sharply
increased with the increase of adsorbent dose in the range of
0.1-1.0gL-1, and then gradually reached the plateau in the range
of 2.0-4.0gL-1. At lower dose, the adsorption sites of adsorbent
are insufficient, resulting in a lower removal extent. On the other
hand, the adsorption capacity of Cr(Ill) drastically decreased with
the increasing adsorbent dose, as shown in Fig. 7(b). This is basically
due to the fact that the adsorption sites of the adsorbent remain
unsaturated at a fixed initial concentration of Cr(III) [45].

3.6. Effect of coexisting metal ions on the adsorption of Cr(IIl)

The effect of coexisting metal ions on the adsorption of BT-SiO,
to Cr(Ill) are summarized in Table 1. It can be seen that the decrease
of Cr(Ill) adsorption capacity was not remarkable and the removal
extent of Cr(IIl) also increased with the increase of the adsorbent
dose, indicating that coexisting metal ions had no obvious influ-
ence on the adsorption of BT-SiO, to Cr(Ill). Moreover, BT-SiO,
showed strong adsorption abilities to the coexisting metal ions
such as Al(III), Cu(Il), Ca(Il) and Fe(IIl). In fact, most of the metal
ions coexisting in solutions were simultaneity removed when the
adsorbent dose was 3.0 g L. The possible explanation for this phe-
nomenon could be that the adsorption capacity of BT-SiO, was
large enough for adsorbing Cr(Ill) and other metal ions. Similar
experimental results were also reported by other researchers [38].
These experimental results indicate that BT-SiO, can simultaneity
remove Cr(Ill) and many other metal ions from aqueous solutions.

3.7. Stability of BT-SiO, adsorbent

In view of practical application, the BT immobilized onto SiO,
beads should be stable during the adsorption process. Based on
the Prussian Blue analysis method of tannin content, the concen-
tration of BT leaked in Cr(III) solution after adsorption was found
to be 3.65mgL~!, which indicates that the stability of BT-SiO, is
satisfactory during adsorption process.

4. Conclusion

In this study, bayberry tannin-immobilized mesoporous silica
bead (BT-SiO,) had been successfully synthesized and applied for
the removal of Cr(IlI) ions from aqueous solution. It was found that
BT-SiO, had high adsorption capacity and fast adsorption rate for
the removal of Cr(Ill). Further investigations revealed that the coex-

isting metal ions in solution had no influence on the adsorption of
Cr(IIT) onto BT-Si0,, and no bayberry tannin was leached out dur-
ing the adsorption process. Therefore, mesoporous SiO; bead is an
ideal matrix for the preparation of tannin-immobilized adsorbent,
which can effectively remove heavy metals from aqueous solutions.
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