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a b s t r a c t

A novel adsorbent was prepared by immobilizing barberry tannin (BT) onto collagen fiber, which was
found effective to remove Hg(II) from aqueous solution. The bayberry tannin-immobilized collagen fiber
(BTICF) shows high adsorption capacity to Hg(II) in a wide pH range of 4.0–9.0, and a maximum adsorption
capacity (198.49 mg/g) was reached at pH 7.0 and 303 K when the initial concentration of Hg(II) was
vailable online 27 May 2009
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200.0 mg/L. The adsorption isothermal and kinetic data were well fitted by the Langmuir equation and the
pseudo-first-order rate equation, respectively. The adsorption mechanism of BTICF to Hg(II) was proved
to follow a chelating reaction. The BTICF can be easily regenerated with 0.1 M lactic acid after adsorption
process and recycled at least 4 times without the loss of adsorption capacity. These facts indicate that
BTICF can be used as a low-cost adsorbent for effective removal of Hg(II) from aqueous solutions.
ercury
dsorption mechanism

. Introduction

Mercury is one of the most toxic heavy metals, and its exis-
ence in water would be a potential hazard to human health due
o its accumulation and amplification along aquatic food chain [1].
ong term uptake of Hg(II)-contaminated water causes damage of
entral nervous system, impairment of kidney function, chest pain
nd dyspnoea [2]. Industrial and municipal wastewaters are main
ources of Hg(II) contamination in natural water [3]. Therefore, it is
crucial work to remove Hg(II) from wastewater before discharge.
he conventional techniques for Hg(II) removal from wastewater

nclude precipitation [4], coagulation [5], membrane separation
6], ion-exchange [7] and adsorption [8]. Among these techniques,
dsorption is the most useful and economical technique that has
een widely used for the treatment of trace-Hg(II)-contaminated
astewater. Activated carbon [9], ion exchange resins [10] and other

dsorbents have been used for the adsorptive removal of Hg(II)
rom wastewater. Nonetheless, the cost and regeneration of adsor-
ents are the key factors influencing their application in practice,
specially for the treatment of large volume of wastewater. So, it

s necessary to develop low-cost, efficient and reusable adsorbents
or the adsorptive removal of Hg(II).

Recently, vegetable tannins have shown to be potential alterna-
ive for the removal of heavy metals from aqueous solution, such as

∗ Corresponding authors. Tel.: +86 28 85400382; fax: +86 28 85400356.
E-mail addresses: xpliao@163.com (X. Liao), shibitannin@vip.163.com (B. Shi).

304-3894/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2009.05.086
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

lead, cadmium and chromium [11–13]. Tannins exhibit extremely
high metal-binding capacity because they contain abundant adja-
cent phenolic hydroxyls being able to chelate with metal ions [14].
However, tannin is water-soluble compound, which restricts its
practical application as an adsorbent. Therefore, great efforts have
been made to overcome this disadvantage, mainly by immobiliz-
ing tannins onto various water-insoluble matrices such as agarose,
hydrotalcite and cellulose [15–17]. However, these approaches are
usually complicated in procedures, and tannins are still easily
leaked out during adsorption process.

Collagen fiber, one of the abundant natural biomass mainly
obtained from skins of domestic animals, exhibits excellent
hydrophilic ability, swelling capacity and mechanical strength [18].
The functional groups of collagen fiber, including –NH2, –COOH and
–OH, can react with many other chemicals [19]. These facts suggest
that collagen fiber would be more suitable to be used as a matrix
for the immobilization of tannins. In fact, tannins have been tradi-
tionally used as tanning agents in leather industry because of their
high reactivity with collagen fibers. On the basis of this principle,
collagen fiber was selected as the matrix to covalently immo-
bilize tannins through the cross-linking of aldehyde agent. The
obtained adsorbents, bayberry tannin-immobilized collagen fiber
(BTICF), have unique fibrous structure and excellent hydrophility,

which should favor the aqueous adsorption process and thus a fast
adsorption rate can be expected. Furthermore, the covalent-bond
interaction between tannins and collagen fiber completely solves
the problem that tannins may be leaked out during adsorption
process, as compared with other tannin-immobilized approaches.

ghts reserved.
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t present work, the adsorption behaviors of BTICF to Hg(II) were
nvestigated in order to evaluate its property as an adsorbent.

. Materials and methods

.1. Reagents

Collagen fiber was purchased from institute of chemical industry
f forest product (China). Bayberry tannin (BT) was obtained from
he barks of myrica esculenta by extraction with an acetone–water
olution (1:1, v/v), followed by spray drying. The tannin content of
he extract was 76.3%. 7-Ethylic oxazolidine, used as aldehyde cross-
inking agent, was provided by Guangdong Merchandising Limited
orporation (Taiwan). Hg(NO3)2·(1/2)H2O and other chemicals
ere all analytic reagents. The stock solution of Hg(II) (1000 mg/L)
as prepared by dissolving Hg(NO3)2·(1/2)H2O in deionized water,

nd it was diluted to an appropriate concentration when used.
iluted HNO3 and NaOH solutions were used for adjusting the ini-

ial pH of solutions.

.2. Preparation of BTICF

BTICF was prepared according to the procedures in our previous
ork [20]. In brief, 9.0 g of BT was dissolved in 300 mL of deionized
ater and mixed with 15.0 g of collagen fiber. Then the mixture
as stirred at 298 K for 24 h. After the intermediate product was

ollected by filtration and washed with deionized water, 300 mL of
% (w/w) 7-ethylic oxazolidine solution was mixed with the above
roduct. The mixture was first stirred at 298 K for 1 h and then con-
inuously stirred at 323 K for 4 h. Subsequently, the product was
horoughly washed with deionized water and dried in vacuum at
33 K for 12 h, and finally the BTICF adsorbent was obtained.

.3. Experimental procedures

.3.1. Effect of initial pH on the adsorption of Hg(II)
0.1 g of BTICF was suspended in 100 mL of Hg(II) solutions,

n which the concentrations of Hg(II) were all 200.0 mg/L. The
H of the solutions was ranged from 3.0 to 9.0. The adsorption
rocess was conducted at 303 K with constant stirring for 24 h.
hen the adsorption was completed, the suspension was filtered

nd the concentration of Hg(II) in filtrate was analyzed by Induc-
ively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES,
erkinElmer-Optima 2100 DV Model). During the analyzing pro-
ess, Hg(II) is easily accumulated on the transfer tubing, spray
hamber and nebulizer of the ICP-AES instrument, resulting in an
naccurate determination of Hg(II). In order to accurately determi-
ate the concentration of Hg(II), the specific operation procedures
f ICP-AES, developed by Zhu and Alexandratos [21], was adopted.
ccording to their procedures, deionized water acidified with 1%
NO3 was used to wash the sample introduction system and the

nstrument for 15–20 min after the plasma of ICP-AES was ignited.
ubsequently, the Hg(II) solution was mixed with Au(III) solution
nd then was introduced into ICP-AES to analyze the concentration
f Hg(II), where the concentration of Au(III) was fixed at 2 mg/L.
fter each measurement, a solution with 1 mol/L HNO3 containing
mg/L Au(III) was used to wash the introduction system of ICP-AES

or 3–4 min. The adsorption capacity of BTICF to Hg(II) was calcu-
ated according to the concentration difference before and after the
dsorption, and was represented in units of milligram of Hg(II) per
ram of adsorbent.
.3.2. H NMR and XPS studies
In order to investigate the adsorption mechanism of BTICF to

g(II), Proton Nuclear Magnetic Resonance (H NMR) and X-ray Pho-
oelectron Spectrum (XPS) techniques were employed. Considering
aterials 170 (2009) 1141–1148

the molecular structure of BT, pyrogallic acid was used as a model
compound to simulate the interaction between BT and Hg(II). The
H NMR spectra of the reaction products were measured by Bruker
DPX400 NMR instrument using DMSO-d6 as solvent and TMS as an
internal reference. For comparison, the H NMR analysis of pyrogal-
lic acid was also performed. The XPS spectra of BTICF, before and
after adsorbing Hg(II), were measured by VG Scientific ESCALAB-
200 instrument.

2.3.3. Adsorption isotherm studies
Isotherm studies were carried out with initial concentrations

of Hg(II) ranged from 50 to 1000 mg/L. The pH of the solutions
was adjusted to 7.0, which is an optimal adsorption pH determined
in Section 2.3.1, and the adsorption process was conducted with
constant stirring for 24 h at 303 and 313 K, respectively. Then the
suspension was filtered and the concentration of Hg(II) in filtrate
was analyzed.

2.3.4. Adsorption kinetics studies
0.1 g of BTICF was suspended in 100 mL of Hg(II) solutions with

initial concentration of 200.0 mg/L. The pH of the solutions was
adjusted to 7.0. The adsorption process was conducted with con-
stant stirring at 293, 298 and 303 K, respectively. The concentration
of Hg(II) in filtrate was analyzed at a regular interval during adsorp-
tion process.

2.3.5. Effect of BTICF dose on the adsorption process
The adsorption of BTICF, at different BTICF dose, to Hg(II) was

investigated with 100 mL of 200.0 mg/L Hg(II) solution in which
BTICF dose varied from 0.2 to 4.0 g/L. Other experimental conditions
were the same as in Section 2.3.1.

2.3.6. Effect of chloride ions on the adsorption of BTICF to Hg(II)
In view of practical application, the adsorption removal of Hg(II)

in NaCl solution is an important criteria to evaluate the availability
of an adsorbent due to the fact that the presence of Cl− may change
the chemical species of Hg(II) in solutions and thus may decrease
the adsorption capacity of Hg(II) on the adsorbent. Herein, a series
of mixture solutions of Hg(NO3)2–NaCl were prepared to investi-
gate the effect of chloride ion on the absorption capacity of Hg(II)
on BTICF, where the concentration of Hg(NO3)2 was 200.0 mg/L and
NaCl concentration varied from 58.5 to 292.5 mg/L. The adsorp-
tion process was conducted at 303 K with constant stirring for 24 h.
Other experimental conditions were the same as in Section 2.3.1.

2.3.7. Effect of coexisting metal ions on the adsorption of BTICF to
Hg(II)

The effect of coexisting metal ions on the adsorption of BTICF to
Hg(II) was investigated in the presence of Pb(II), Zn(II), Cu(II), Cd(II)
and Al(III). In briefly, 0.1 g of BTICF was suspended in binary solu-
tions of Hg(NO3)2 with Pb(NO3)2, Zn(NO3)2, Cu(NO3)2, Cd(NO3)2
or Al(NO3)3. The initial concentration of each coexisting metal ion
was 200.0 mg/L. The initial pH of the solutions was adjusted to 4.0,
considering the fact that some of the metal ions will precipitate at
a higher pH. The adsorption was conducted at 303 K with constant
stirring for 24 h. Then the suspension was filtered and the concen-
trations of Hg(II) and coexisting metal ions remaining in filtrate
were analyzed.

2.3.8. Desorption studies

0.1 g of BTICF was used for adsorbing Hg(II) in 100 mL of Hg(II)

solution (200.0 mg/L) at pH 7.0 in the same procedures as in Section
2.3.1, and then the Hg(II)-adsorbed BTICF was used for desorption
experiments. Batch desorption experiments were performed using
10 mL of 0.1 M lactic acid solution with constant stirring at room
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emperature for 2 h. Then the mixture was filtered and the concen-
ration of Hg(II) in filtrate was determined, and then the desorption
xtent was calculated. The desorbed BTICF was re-used for adsorp-
ion test to evaluate its reusability, and the adsorption–desorption
rocess was repeated 4 times.

.3.9. Column adsorption
2.0 g of BTICF was soaked in deionized water for 24 h and then

lled into a column with diameter of 1.10 cm and bed height
f 15.00 cm. Then Hg(II) solution at 630.0 mg/L and pH 7.0 was
umped into the column at a constant velocity of 60 mL/h. Effluent
as collected by an automatic collector at regular interval, and the

oncentration of Hg(II) in effluent was analyzed. Then the column
as desorbed using 0.1 M lactic acid solution.

In this study, all the experiments were repeated at least 2 times,
nd the errors were found to be within 5%.

. Results and discussion

.1. Immobilization of bayberry tannin onto collagen fiber

Tannins are complex phenolic compounds with molecule weight
anged from 500 to 3000. According to the chemical structures of
annins, they can be divided into two major groups: hydrolysable
annins and condensed tannins [22]. BT belongs to condensed tan-

in and mainly consists of polymerized flavan-3-ols, as illustrated

n Fig. 1. The C6 and C8 of A-rings of BT exhibit high nucleophilic
eaction activity, which can form covalent bonds with the amino
roups of collagen molecules through the cross-linking of aldehy-
es [23]. On the other hand, the B-ring of BT is a pyrogallol structure,

Fig. 1. Scheme of preparation
aterials 170 (2009) 1141–1148 1143

which has high affinity to metal ions due to its high electrophilic
reaction activities [24], and the C-ring is partly attached with gal-
loyl groups that can improve the reaction ability of BT with metal
ions like Hg(II).

The possible preparation mechanism of BTICF is presented in
Fig. 1. It can be inferred that BT and collagen fibers are combined
through 7-ethylic oxazolidine-formed methylene bridges, and a
large number of hydrogen bonds also form between tannins, as well
as tannins and collagen fibers. DSC determination (DSC, Shimadzu,
DSC-60 Model) indicated that the denaturalization temperature of
BTICF is 363–368 K, which is much higher than that of raw collagen
fiber (333–338 K). The improved thermal stability of BTICF should
be attributed to the formation of methylene bridges and a large
number of hydrogen bonds.

3.2. Effect of initial pH on the adsorption of BTICF to Hg(II)

Fig. 2 shows the influence of initial pH on the adsorption capacity
of BTICF to Hg(II). The adsorption capacity significantly increased
to 198.49 mg/g when the pH increased from 2.0 to 4.0, and it kept
almost unchanged with further pH increase. Additionally, there was
no BT leaked out during adsorption process, and the pH of the solu-
tion was found to be decreased after adsorption, which indicated
that protons were released into solution during adsorption process.
Considering the pyrogallol structure of BTICF and the electron con-

figuration of Hg(II) ion, it is reasonably assumed that the adsorption
of BTICF to Hg(II) should follow a chelating mechanism. Hg(II) ion
can act as chelating center ion to react with various electron donors
due to the presence of 6s06p0 empty orbits in its electron config-
uration. On the other hand, the phenolic hydroxyl of BT with lone

mechanism of BTICF.
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of electron cloud of all protons. Most importantly, the total signal
ig. 2. Effect of initial pH on adsorption of BTICF to Hg(II) (303 K, Hg(II) = 200.0 mg/L).

air electrons can play a role of strong donor, which has high affin-
ty towards center metal ion. Consequently, the adsorption of BTICF
o Hg(II) should consist of two steps. First, two adjacent phenolic
ydroxyls of BT become negatively charged through a deprotona-
ion process, accompanied by a release of protons into solution.
hen the chelating reaction takes places, where the two charged
henolic hydroxyls act as a bidentate ligand to bond with one
g(II) ion so as to form a five-membered chelate ring, as shown in
cheme 1. Based on this assumption, it is easy to explain the effect
f pH on the adsorption capacity of BTICF to Hg(II). At low pH (2.0),
T is less active for the chelating reaction with Hg(II) ions because of
he slight deprotonation of adjacent phenolic hydroxyls at high H+

oncentration. As pH increases, the deprotonation degree increases
nd reaches a maximum at pH 4.0, which results in a remarkable
ncrease of the adsorption capacity. This chelating interaction can
e maintained at a higher pH, so the adsorption capacity is almost
nchanged in the pH range of 4.0–9.0.

According to the proposed adsorption mechanism, BT chelates
g(II) ion by the adjacent phenolic hydroxyls in its pyrogallol

tructure. In order to confirm this assumption, pyrogallic acid was
sed as a model compound to stimulate the interaction between
T and Hg(II). The H NMR spectra of pyrogallic acid is given in
ig. 3(a). According to literatures [25,26], the peaks in the range
f 8.745–8.004 ppm with integral of 3 protons are assigned to the
henolic hydroxyl protons, namely Ha and Hb. Other two peaks with

ntegral of 3 protons, ranged from 6.434 to 6.234 ppm, are attributed
o the phenyl protons of Hc and Hd, respectively. The single peak at

.504 ppm is assigned to DMSO-d6, and that at 3.463 ppm should
elong to the proton of water remained in DMSO-d6. Moreover, the

ntegral assignment of protons (Ha, Hb, Hd and Hc) is very close
o 2:1:2:1, which well fits the arrangement of protons in pyrogal-

Scheme 1. Schematic graph of proposed ads
Fig. 3. H NMR spectra of pyrogallic acid (a) and pyrogallic acid-Hg(II) (b) (DMSO-d6,
297 K, 400 MHz).

lic acid molecule. Fig. 3(b) shows the H NMR spectra of pyrogallic
acid after reacting with Hg(II). The two doublets at 6.325 ppm and
6.241 ppm belong to the phenyl protons of Hb′

and Hd′
, respec-

tively, which suggests that the symmetrical geometrical structure
of pyrogallic acid molecule has been destroyed due to the forma-
tion of chemical bond with Hg(II). The multiplet ranged from 6.418
to 6.378 ppm is assigned to the phenyl proton of Hc′

, and its “W”
arrangement is derived from the splitting effect of Hb′

and Hd′
. The

single peak at 6.503 ppm is assigned to the hydroxyl proton Ha′
,

which is not involved in the formation of complex with Hg(II) ion.
Compared with Fig. 3(a), the signal of Ha′

moved to the higher field
(6.503 ppm), and the signals of phenyl protons transformed from
two groups to three groups. All these changes are induced by the
shielding effect of Hg(II), which significantly increases the intensity
integral of protons (Ha′
, Hb′

, Hc′
and Hd′

) indicates that only four
protons in every single pyrogallic acid molecule are retained after
reaction with Hg(II). In other words, the reaction ration of Hg(II)
ion with phenolic hydroxyl is 1:2, which supports the assumption

orption mechanism of Hg(II) on BTICF.
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Table 1
Isotherm model constants and correlation coefficients (R2) for the adsorption of
BTICF to Hg(II).

T (K) qe,exp. (mg/g) Langmuir fitting Freundlich fitting

qe,cal. (mg/g) b R2 k n R2
Fig. 4. The XPS O 1s spectra of BTICF (a) and BTICF–Hg(II) (b).

hat Hg(II) reacts with BT by forming a five-membered chelate ring.
ased on the analysis of H NMR spectra, it is proved that BT chelates
g(II) ion through the adjacent phenolic hydroxyls in its pyrogallol

tructure.
Fig. 4(a) is the XPS O 1s spectra of BTICF, which contains two

tates of oxygen. Peak 1 at 532.7 ± 0.1 eV is assigned to the oxy-
en in C–O bond. Peak 2 at 531.6 ± 0.1 eV is related to the oxygen
n C O bond. The normalized intensity of peak 1 is much higher
han that of peak 2. But in Fig. 4(b), the binding energy of peak
increases to 533.0 ± 0.1 eV and its normalized intensity dramati-

ally decreases. Meanwhile the binding energy of peak 2 is almost
nchanged (531.7 ± 0.1 eV) and its relative fraction is even higher
han that of peak 1. All these facts suggest that the adsorption of
g(II) on BTICF mainly affects the binding energy of oxygen atom

n C O bond of BT molecule. When the adsorption takes place, the
dsorbed Hg(II) ions significantly decrease the electronic density
round oxygen atom involved in the adsorption. Then, the C–O bond
f phenolic hydroxyl in BT is affected, resulting in the change of
inding energy and relative fraction of peak 1. The results obtained
rom XPS spectra are consistent with the conclusion of H NMR anal-
sis. Therefore, it can be concluded that the adsorption of BTICF to
g(II) should base on a chelating reaction, accompanied by a depro-

onation process of the adjacent phenolic hydroxyls of BT, as shown
n Scheme 1.
.3. Adsorption isotherms

As shown in Table 1, the adsorption capacity of BTICF to Hg(II)
s remarkable. The adsorption capacity is high up to 619.78 mg/g
t 303 K when the initial concentration of Hg(II) is 997.5 mg/L,
303 619.78 622.31 0.071 0.98 114.3 3.12 0.92
313 643.11 645.21 0.094 0.98 134.7 3.31 0.91

qe,exp., qe,experiment; qe,cal. , qe,calculation.

which reveals the great potential of BTICF to be used in treating
Hg(II)-contaminated wastewater. In addition, the adsorption capac-
ity increases with the increase of temperature, suggesting that the
adsorption of BTICF to Hg(II) is an endothermic process in nature
[27].

Adsorption isotherm data were further analyzed by the Lang-
muir and Freundlich models. In general, there is no theoretical
model to describe the adsorption isotherms of liquid adsorption.
The adsorption isotherm models used in gas adsorption are always
used to describe the liquid adsorption. Langmuir model is often
used for monolayer adsorption occurred on a homogeneous sur-
face with identical adsorption sites, which can be expressed by the
following equation [28]:

qe = qmaxbCe

(1 + bCe)
(1)

where Ce and qe are the Hg(II) concentration (mg/L) and the
adsorption capacity (mg/g) of BTICF at equilibrium, qmax and b are
the maximum adsorption capacity (mg/g) and Langmuir constant
relating to the strength of adsorption, respectively. The empirical
Freundlich model is appropriate for the adsorption occurred on a
heterogeneous surface, which can be expressed by the following
equation [29]:

qe = kCe
1/n (2)

where Ce and qe are the same as shown in Eq. (1), k and n are the
Freundlich constants, which give an indication of the adsorption
capacity and the favorability of the adsorbent, respectively.

Table 1 lists the Langmuir and the Freundlich constants and
the correlation coefficients (R2). The adsorption isotherm is well
described by using the Langmuir equation with correlation coef-
ficient higher than 0.98. In addition, the adsorption capacity
(622.31 mg/g) calculated by the Langmuir equation is close to that
determined by experiment (619.78 mg/g). Therefore, it is more
proper to use the Langmuir model to describe the adsorption
isotherms of Hg(II) on BTICF. In Section 3.1, it has been proved that
Hg(II) ions are chemically adsorbed on BTICF via a chelating mech-
anism. BT is mainly immobilized on the surface of collagen fiber.
Thus, it is reasonable to predict that Hg(II) may be adsorbed in the
form of monolayer coverage on the surface of BTICF.

3.4. Kinetic studies

Kinetic studies were carried out at different temperature (293,
298 and 303 K) and the experimental results are presented in
Fig. 5. It is evident that the adsorption is very fast during the
first 60 min, and the adsorption equilibrium was attained in about
180 min. BTICF is in fiber state and its specific surface area is limited
(2.0–6.0 m2/g), in comparison with porous adsorbents. Therefore, it
can be inferred that the BT immobilized on collagen fiber is mainly

located at the outer surface and thus the diffusion resistance of mass
transfer during adsorption process would be neglectable, which
results in a fast adsorption process.

The adsorption kinetic data were further analyzed using a
pseudo-first-order rate model (3), a pseudo-second-order rate
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Table 2
Kinetics model constants and correlation coefficients (R2) for the adsorption of BTICF to Hg(II).

T (K) qe,exp. (mg/g) Pseudo-first-order rate model Pseudo-second-order rate model Intraparticle diffusion
model

qe,cal. (mg/g) k1 × 103 R2 qe,cal. (mg/g) k2 × 104 R2 ki R2

293 192.1 194.3 26.4 0.99 240.3 1.07 0.99 16.68 0.94
2
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constants are 1.6 × 10 and 1.25 × 10 , respectively [35]. This
implies that the presence of chloride ions might affect the adsorp-
tion of BTICF to Hg(II) because of the great affinity of chloride ion to
Hg(II). Therefore, it is necessary to investigate the Hg(II)-adsorption
98 195.9 197.4 27.4 0.99
03 198.5 200.2 28.7 0.99

e,exp., qe,experiment; qe,cal. , qe,calculation.

odel (4) and an intraparticle diffusion model (5) [30,31]:

og(qe − qt) = log qe − k1

2.303
t (3)

t

qt
= 1

k2 q2
e

+ 1
qe

t (4)

t = ki t0.5 (5)

here qe and qt are the amount of Hg(II)-adsorbed (mg/g) at equi-
ibrium and at time t (min) respectively, and k1, k2 and ki are the rate
onstants of the pseudo-first-order-rate model (min−1), pseudo-
econd-order rate model (mg/g min) and intraparticle diffusion rate
odel (mg/g min−0.5), respectively.

The “pseudo-first” and “pseudo-second” order models are
acroscopic kinetic models commonly used for describing adsorp-

ion process, which suggest that the adsorption process can be
onsidered as the “first” or “second” order chemical reaction pro-
ess when the adsorption is rate-controlled step and the resistance
f intraparticle diffusion can be neglected [31]. As for intraparticle
iffusion model, it is used to describe the adsorption process where
he intraparticle diffusion resistance is the rate-controlled step [32].
his model is particularly suitable for the description of an adsorp-
ion process when porous adsorbents, such as activated carbon, are
sed because they are abundance of micropores or mesopores.

Table 2 lists parameters obtained from the three models.
he intraparticle diffusion rate model provides low correlation
oefficient (R2), which suggests that the Hg(II) adsorption is
ot an intraparticle-diffusion-controlled process. The correlation
oefficients (R2) for the pseudo-first-order rate model and the

seudo-second-order rate model are both higher than 0.99. How-
ver, only the theoretical adsorption capacity predicted by the
seudo-first-order rate model is mostly consistent with experimen-
al data. So, the pseudo-first-order rate model is more appropriate
o describe the adsorption kinetics of BTICF to Hg(II), and this

Fig. 5. The adsorption kinetics of BTICF to Hg(II) (Hg(II) = 200.0 mg/L, pH 7.0).
243.3 1.12 0.99 17.10 0.93
241.5 1.28 0.99 17.53 0.93

reveals that the adsorption process is a rate-controlled process [33].
Moreover, the adsorption of BTICF to Hg(II) is a liquid–solid adsorp-
tion process based on external mass transfer. Therefore, it could
be predicted that the rate-controlled step involved in the adsorp-
tion process might be the external mass transfer resistance and the
chelating reaction occurred on the outer surface of BTICF.

3.5. Effect of BTICF dose on adsorption process

Table 3 shows the effect of adsorbent dose on the removal extent
of Hg(II). The removal extent of Hg(II) in solution increased from
32.38 to 98.34% as BTICF dose increased from 0.2 to 1.0 g/L, then
maintained at the level when the dose was further increased to
4.0 g/L. The higher Hg(II) removal extent at larger adsorbent dose
can be attributed to the availability of more adsorption sites and
more surface area of BTICF. However, the adsorption capacity of
BTICF to Hg(II) sharply decreases with the increase of BTICF dose
For example, the adsorption capacity of Hg(II) on BTICF decreased to
49.6 mg/g when the dose of BTICF was 4.0 g/L. The lower adsorption
capacity at larger adsorbent dose should be due to the overlapping
of adsorption sites on the surface of BTICF [34].

3.6. Effect of chloride ions the adsorption of BTIBT to Hg(II)

It is well known that chloride ions can form stable anionic com-
plexes with Hg(II), such as HgCl3

− and HgCl4
2−, and their formation

14 15
behavior of BTICF in the presence of Cl−. As shown in Table 4, the

Table 3
Effect of BTICF dose on the adsorption process(303 K, Hg(II) = 200.0 mg/L, pH 7.0).

Dose (g/L) Removal extent (%) Adsorption capacity (mg/g)

0.2 32.39 ± 0.42 326.45 ± 4.24
0.4 64.86 ± 0.36 326.90 ± 1.84
0.6 88.23 ± 0.31 296.43 ± 1.04
0.8 94.19 ± 0.02 237.36 ± 0.04
1.0 98.34 ± 0.15 198.25 ± 0.30
2.0 98.29 ± 0.22 99.07 ± 0.22
3.0 98.49 ± 0.04 66.18 ± 0.03
4.0 98.43 ± 0.05 49.61 ± 0.02

Table 4
Effect of chloride ions on the adsorption of BTICF to Hg(II).

Conc. of NaCl
(mg/L)

Initial conc. of
Hg(II) (mg/L)

Final conc. of
Hg(II) (mg/L)

Adsorption
capacity (mg/g)

0 200.0 1.51 ± 0.04 198.49 ± 0.04
58.5 200.0 9.34 ± 0.52 190.66 ± 0.52

117.0 200.0 17.10 ± 0.24 182.9 ± 0.24
175.5 200.0 24.14 ± 0.71 175.86 ± 0.71
234.0 200.0 30.30 ± 0.53 169.7 ± 0.53
292.5 200.0 107.12 ± 0.71 92.88 ± 0.71

conc., concentration.
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ig. 6. Breakthrough curve of Hg(II) on BTICF column (303 K, Hg(II) = 620.0 mg/L,
TICF = 2.0 g).

dsorption capacity of BTICF to Hg(II) gradually decreases as the
ncrease of NaCl concentration, indicating a competition between
hloride ions and BTICF to combine with Hg(II). According to lit-
rature [36], ions that form outer-sphere surface complexes show
ecrease in adsorption with increase of ionic strength in solution.

n fact, the chelating reaction occurred between Hg(II) and the
djacent phenolic hydroxyls of BT on BTICF should lead to an outer-
phere complex since the electron configuration of Hg(II) ion is
s06p0.

In this study, the adsorption capacity of Hg(II) on BTICF is still
ignificant (92.88 mg/g) even the concentration of NaCl is as high
s 292.5 mg/L. Therefore, the practical application of BTICF for
he removal of Hg(II) from NaCl-containing wastewaters can be
xpected.

.7. Effect of coexisting metal ions on the adsorption of BTIBT to
g(II)

It was found that coexisting metal ions did not affect the adsorp-
ion of Hg(II) in solution. The adsorption capacity of BTICF to
g(II) was around 196.00 mg/g in the presence of Pb(II), Zn(II),
u(II), Cd(II) or Al(III), which is nearly the same as that occurred

n the absence of the metal ions. The adsorption capacity of
TICF to Hg(II) did not change even it adsorbed 20.0 mg of cop-
er per gram, and no significant adsorption was found for other
oexisting metal ions. These facts suggest that BTICF is able to
electively adsorb mercury in aqueous solution to some extent,
t least in the presence of the coexisting metal ions investi-
ated.

.8. Desorption studies

It was found that lactic acid is effective for the desorption
f Hg(II) from BTICF. In batch experiments, the Hg(II)-adsorbed
n BTICF can be completely desorbed by only 10 mL of 0.1 M

actic acid solution, and the Hg(II) content in desorption solu-

ion was 10 times concentrated, in comparison with that in
riginal solution. Additionally, the desorbed BTICF can be recy-
led 4 times without the loss of adsorption capacity to Hg(II)
data not shown), which reveals its great potential to be used as
ow-cost and reusable adsorbent for the removal of Hg(II) from

astewater.

[
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3.9. Column adsorption

Fig. 6 is the breakthrough curve of Hg(II) on BTICF column. It can
be seen that about 1960 mL of Hg(II) solution (630 mg/L) passed
through the column before breakthrough point, which corresponds
to the adsorption capacity of 617.4 mg/g. This adsorption capacity is
very close to that obtained in the isothermal studies (619.78 mg/g).
The BTICF column was then desorbed with 0.1 M lactic acid. It was
found that more than 98% of Hg(II) was desorbed from the BTICF
column. These facts imply that the extremely effective adsorption
performance of BTICF to Hg(II) can be expected in industrial
application.

4. Conclusions

The adsorbent BTICF can be easily prepared by immobilizing
bayberry tannin onto collagen fiber, and no BT is leaked out dur-
ing the adsorption process to Hg(II). BTICF exhibits high adsorption
capacity to Hg(II) in a wide pH range of 4.0–9.0, and it retains
significant adsorption capacity even in the presence of high concen-
tration of Cl−. The adsorption of BTICF to Hg(II) follows a chelating
mechanism between Hg(II) and the adjacent phenolic hydroxyls
of BT on the adsorbent. BTICF is easily desorbed using 0.1 M lac-
tic acid after the adsorption process, and it can be recycled at
least 4 times without the loss of adsorption capacity to Hg(II). The
excellent adsorption and desorption behaviors observed are due
to the facts that BTICF is in fiber state and BT is located at the
outer surface of collagen fiber. As a kind of low-cost, high effec-
tive and reusable adsorbent, the practical application of this novel
adsorbent for the removal of Hg(II) from aqueous solution can be
expected.
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