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a b s t r a c t

The collagen-tannin resin (CTR), as a novel adsorbent, was prepared via a reaction of collagen with black
wattle tannin and aldehyde, and its adsorption properties to Cu(II) were systematically investigated,
including pH effect, adsorption equilibrium, adsorption kinetics, and column adsorption. The adsorption
capacity of Cu(II) on CTR was pH-dependent, and it increased with the increase of solution pH. The adsorp-
tion isotherms were well described by Langmuir isotherm model with correlating constant (R2) higher
eywords:
ollagen-tannin resin
u(II)
atch adsorption
olumn adsorption

than 0.99. The adsorption capacity determined at 303 K was high up to 0.26 mmol/g, which was close to
the value (0.266 mmol/g) estimated from Langmuir equation. The adsorption capacity was increased with
the increase of temperature, and thermodynamic calculations suggested that the adsorption of Cu(II) on
CTR is an endothermic process. The adsorption kinetics were well fitted by the pseudo-second-order rate
model. Further column studies suggested that CTR was effective for the removal of Cu(II) from solutions,
and more than 99% of Cu(II) was desorbed from column using 0.1 mol/L HNO3 solution. The CTR column

u(II)
can be reused to adsorb C

. Introduction

Cu and its compounds are widely used in many fields of modern
ociety, such as power transmission, plumbing and refining. During
ts application, a large quantity of Cu(II) contaminated wastewater
s inevitably produced [1], which may cause environmental prob-
em and pose a threat to people’s health. The uptaking of Cu(II)
ontaminated drinking water can cause serious health problems,
ncluding hemolysis, liver and kidney damage, fewer with influenza
yndrome, etc. [2]. Cu(II) contamination also leads to environmen-
al problems. For example, a trace amount of Cu(II) is toxic enough
o destroy the living tissues of fish, which further results in the
reak down of aquatic food chain [3]. In view points of environ-
ent protection and health care, it is crucial for us to remove Cu(II)

rom aqueous solutions.
Conventional methods for the removal of heavy metal ions

rom solutions include chemical precipitation [4], ion exchange [5],

lectrochemical treatment [6], membrane technology [7] and evap-
ration [8]. However, most of these methods have no selectivity
hen used in practice and have the disadvantage of high operat-

ng cost and more volume of sludge [9]. Moreover, these methods
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may be either ineffective or uneconomical, especially when used
for the treatment of large volume of solution at low concentration
(<100 mg/L) [10,11]. In recent years, more and more studies have
been carried out to investigate the adsorptive removal of heavy
metal ions from aqueous solutions, because adsorption is by far
the most useful and economical method for the treatment of large
amount of contaminated wastewater at low concentration, which
has distinct advantages of high efficiency, low operating cost, and
minimal volume of sludge [12]. The use of adsorbent is a key fac-
tor for adsorption technique, of which the adsorption capacity and
selectivity are the most concerned issues. As we know, activated
carbon is the conventionally used adsorbent in practical appli-
cation but its adsorption capacity is limited and the adsorption
rate still needs to be improved [13]. It is true that numerous nat-
ural and/or synthetic adsorbents have been reported, and some
of them exhibited very effective for the removal of metal ions in
experiments, but their practical application is limited due to their
drawbacks of regeneration ability, column adsorption performance
and cost effective. Therefore, the development of new adsorbents
with high adsorption capacity, fast adsorption rate, easily regener-
ation, good column adsorption performance and low cost is still a
challenge.

Tannins are one of the most abundant biomasses in nature,

which are widely distributed in roots, barks, stalks and fruits of
plants. As natural polyphenols, tannins have multiple adjacent phe-
nolic hydroxyls, which exhibit strong affinity toward many metal
ions [14–16]. However, tannins are water-soluble compounds,
which are difficult to be separated from the solution after the

hts reserved.

dx.doi.org/10.1016/j.jhazmat.2010.11.098
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nteraction with metal ions. In order to overcome this disadvantage,
annins are often immobilized onto matrices, such as agarose and
ellulose, to prepare water-insoluble adsorbents [17,18]. Although
hose adsorbents show high adsorption capacity to many metal
ons, their hydraulic properties in column adsorption need to be
mproved.

Collagen is one of the most abundant animal biomasses, which
an be easily obtained from skins of domestic animals. Our pre-
ious studies indicated that collagen fiber can be used as matrix
o prepare immobilized tannin adsorbents, and exhibited excellent
dsorption to many metal ions. However, the adsorption capacity
f tannins immobilized onto collagen fiber can be improved due
o the fact that collagen fiber is tightly braided and its functional
roups are not fully exposed outside, which lead to limited tan-
ins on collagen fiber. In this study, collagen, not collagen fiber,
as extracted from cattle skin wastes and used to react with tan-
in to prepare collagen-tannin resin (CTR), where the functional
roups are fully exposed outside, and a higher adsorption capacity
o metal ions can be expected. In addition, the collagen molecules
an be re-assembled into collagen fiber by the inducement of tan-
in. On the basis of this idea, in this work, black wattle tannin
as reacted with collagen extracted from cattle skin, to prepare

ollagen-tannin resin (CTR). To evaluate its properties as an adsor-
ent, CTR was then used for the adsorptive removal of Cu(II) from
queous solutions. The pH effect, adsorption equilibrium, adsorp-
ion kinetics, and column adsorption behaviors of CTR to Cu(II) were
nvestigated.

. Materials and methods

.1. Reagents

CuSO4·6H2O and other reagents were of analytical grade, which
ere purchased from Kelong chemical reagents factory (Chengdu,
hina) and used without further purification. Deionized water was
sed for the preparation of all solutions. The pH adjustment of
olutions was carried out using 0.5 mol/L HNO3 or 0.5 mol/L NaOH
olutions. Pepsin was purchased from Beijing Aoboxing Biotech
ompany Ltd. (Beijing, China), and its activity was 12,000 U/g.

.2. Preparation of collagen

According to the approaches of leather manufacturing [19],
he cattle skin wastes (300$/ton) purchased from leather fac-
ory (Chengdu, China) were cleaned, unhaired, limed, splitted and
elimed in order to remove non-collagen components. Then, the
elt was cut into small pieces and further pulverized by a milling
achine. 40.0 g of milled calf skin (moisture content 80%) was

uspended in 800.0 mL of 0.5 mol/L acetic acid solution. Subse-
uently, pepsin was added, and the hydrolyzation was conducted
t 277–283 K for 24 h. The obtained hydrolyzate was centrifuged
o remove unhydrolyzed collagen fiber, and then salted-out using
.0 mol/L NaCl solution. Finally, the collagen in gel state was
btained.

.3. Preparation of collagen tannin resin (CTR)

24.0 g of black wattle tannin was dissolved in 80.0 mL of deion-
zed water, and the solution was then mixed with collagen gel
repared above. The mixture was reacted at 298 K for 3 h, and then
ontinuously reacted at 313 K for 1 h. Intermediate product was col-

ected by filtration, then 200.0 mL of 5% (wt%) oxazolidine solution
aldehydic cross-linking agent) at pH 6.5 was added. The mixture
as first reacted at 298 K for 2 h, and then continuously reacted at

13 K for 2 h. Subsequently, the product was collected by filtration,
nd fully washed with deionized water and vacuum dried at 298 K
Fig. 1. Scanning Electron Microscope (SEM) image of CTR (magnified 800×, scale
bar = 20 �m).

for 12 h. Finally, collagen-tannin resin (CTR) was obtained in fibrous
state, as shown in Fig. 1.

2.4. Batch adsorption studies

2.4.1. Effect of initial pH on adsorption capacity
Stock solution of Cu(II) (10.0 mmol/L) was prepared by dis-

solving CuSO4·6H2O (analytical reagent) into deionized water and
it was diluted to the concentrations needed. Adsorption experi-
ments were conducted by suspending 100.0 mg CTR in 100.0 mL
of 1.00 mmol/L Cu(II) solution, followed by constant shaking at
130 rpm and 303 K for 24 h. The initial pH of Cu(II) solutions was
adjusted to 2.0, 2.5, 3.0, 4.0, 4.5, 5.0 and 5.5, respectively. The
concentration of Cu(II) in residual solution was analyzed by Induc-
tively Coupled Plasma Atomic Emission Spectrometer (ICP-AES,
Perkin–Elmer Optima 2100DV, MA, USA). The adsorption capac-
ity (qe, mmol/g) of CTR to Cu(II) was obtained by mass balance
calculations of Cu(II) in the solution before and after adsorption.

2.4.2. Adsorption isotherms
100.0 mg of CTR adsorbent was suspended in 100.0 mL of

Cu(II) solutions with initial concentration ranging from 0.25 to
1.5 mmol/L. The pH of Cu(II) solutions was adjusted to 5.5. The
adsorption experiments were conducted by constant shaking at
303 K, 313 K and 323 K for 24 h, respectively.

2.4.3. Adsorption kinetics
100.0 mg of CTR adsorbent was suspended in 100.0 mL of

0.5 mmol/L Cu(II) solution. The pH of the solution was adjusted
to 5.5, and the adsorption process was conducted at 303 K with
constant stirring. The concentration of Cu(II) was analyzed at reg-
ular interval during adsorption process. The adsorption capacities
at time t (min) were obtained by mass balance calculation. Similar
kinetics studies were carried out by changing the initial concentra-
tion of Cu(II) (1.0 and 1.5 mmol/L).

All experiments were duplicated three times, and the deviations
were found to be within 5%.

2.4.4. Column adsorption

2.0 g of CTR was soaked into deionized water for 24 h, and then

filled into a column with 1.1 cm of inner diameter and 50.0 cm
of length. Subsequently, the CTR column was equilibrated with
deionized water (pH 5.5). Cu(II) solution (1.0 mmol/L, pH 5.5) was
pumped into the column at 1.86 BV/h (BV: bed volume). Effluent
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Table 2.
ig. 2. Effect of initial pH on the adsorption capacity of Cu(II) on CTR (initial conc.
f Cu(II) = 1.0 mmol/L, 303 K).

as collected by an automatic collector and the concentration of
u(II) in the effluent was analyzed by ICP-AES. Saracoglu et al.,

ound that the absorbed Cu(II) can be easily desorbed using HNO3
s the desorption agent [20,21]. Hence, the column was desorbed
sing 0.1 mol/L HNO3 solution after the column reached satura-
ion. The column was regenerated to adsorb Cu(II) in order to test
ts reuse behaviors.

. Results and discussion

.1. Effect of initial pH

Fig. 2 shows the effect of initial pH on the adsorption capacity of
u(II) on CTR. It can be seen that the adsorption capacity of Cu(II) on
TR is highly pH-dependent. In the pH range of 2.0–3.0, the adsorp-
ion capacity significantly increases from 0.05 to 0.2 mmol/g with
he increase of solution pH. To further increase the pH (3.0–5.5),
he adsorption capacity of Cu(II) gradually reached the maximum
f 0.26 mmol/g at pH 5.5, which was much higher than that of tan-
in immobilized onto collagen fiber (0.13 mmol/g) [22]. Based on
UV–vis) analysis, there was no black wattle tannin leaked out dur-
ng adsorption process. Additionally, the pH of the solution was
ound to be decreased after the adsorption, which indicated that
he protons of hydroxyls of black wattle tannin were released into
olution during the adsorption process.

As we known, solution pH has strong effects on the chem-
cal species distribution of metal ions in solution. Fig. 3 shows
he chemical species distribution of Cu(II) at different pH. In the
H range of 2.0–5.5, Cu2+ is the predominant species, which sug-
ests that the Cu(II) species distribution at different pH have very
imited effects on the adsorption capacity. However, the pH of
olution will greatly affect the deprotonation degree of the phe-
olic hydroxyls of black wattle tannin, which are able to chelate
ith Cu(II) to form five-membered chelating ring [23], as shown in

ig. 4. Considering these two aspects together, it is rational that the
dsorption capacity of Cu(II) on CTR should mainly depend on the
eprotonation degree of phenolic hydroxyls of black wattle tan-
in. Accordingly, at pH 2.0, high concentration of H+ suppressed
he deprotonation of phenolic hydroxyls, which inhibits the chelat-
ng interaction between Cu(II) and CTR, leading to a relatively low
u(II) adsorption capacity. As the pH increasing from 2.0 to 5.5,

he deprotonation degree of phenolic hydroxyls is also gradually
ncreased, which benefits the chelating interaction between pheno-
ic hydroxyls and Cu(II) ions, resulting in the increase of adsorption
apacity.
Fig. 3. Distribution of chemical species of Cu(II) in aqueous solution at different
pHs calculated by using Visual MINEQL 2.40b version, NIST database. (Initial conc.
of Cu(II) = 1.0 mmol/L.)

3.2. Adsorption isotherms

Fig. 5 illustrates the experimental adsorption isotherms of Cu(II)
on CTR. It was emphasized that CTR exhibited appreciable adsorp-
tion capacity to Cu(II). For example, the equilibrium adsorption
capacity at 303 K was 0.26 mmol/g. Table 1 is the comparison of
adsorption capacity of CTR and other natural adsorbents for Cu(II),
it can be seen that CTR has a relative higher adsorption capacity
of Cu(II) compared with most of other adsorbents, and its col-
umn adsorption with good performance can be expected, as shown
in Fig. 7. In addition, the adsorption capacity was increased with
the increase of temperature, which suggests that the adsorption
of Cu(II) on CTR is an endothermic process [33]. Further thermo-
dynamic calculation also confirmed this conclusion (Supporting
information).

Adsorption isotherms data were further fitted by Langmuir
and Freundlich isothermal equations. For the gas phase adsorp-
tion, the Langmuir isotherm equation assumes monolayer coverage
of adsorbate over a homogeneous adsorbent surface, and each
molecule adsorbed on the surface has equal adsorption activa-
tion energy [34], while the Freundlich isotherm equation is an
empirical equation which supposes a heterogeneous surface of
adsorbent [35]. However, there is no theoretical model to describe
the isotherms of liquid phase adsorption. In general, some adsorp-
tion isotherms models developed for gas phase adsorption are often
used for liquid phase adsorption, but their physical meaning may
be changed. The Langmuir (1) and Freundlich equations (2) are
expressed as follows:

Ce

qe
= 1

qmK
+ Ce

qm
(1)

ln qe = ln KF + 1
n

ln Ce (2)

where qe is the adsorption capacity of Cu(II) at equilibrium
(mmol/g), Ce is the concentration of Cu(II) at equilibrium (mmol/L),
and qm and K are the Langmuir constants related to maximum
adsorption capacity (mmol/g) and energy of adsorption (L/mmol),
respectively, KF and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively. The
Langmuir and Freundlich models fitting results are summarized in
As shown in Table 2, the Langmuir equation gives satisfied fit-
ting to the isotherm data with correlation constant (R2) higher
than 0.99, and the theoretical adsorption capacities are close to
those determined by experiments. All these results suggest that
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Fig. 4. Schemes of molecular structure of black wattle tan
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Fig. 5. Adsorption isotherms of Cu(II) on CTR (pH = 5.5).

u(II) may be adsorbed in the form of monolayer on the surface of
TR.
.3. Adsorption kinetics

The adsorption kinetics of Cu(II) on CTR were illustrated in
ig. 6. The adsorption capacity of Cu(II) sharply increases with the

able 1
omparison of adsorption capacity of CTR and other natural adsorbents for Cu(II).

Adsorbent Adsorption
capacity (mmol/g)

Optimum pH Reference

CTR 0.260 5.0 This work
Pine sawdust 0.234 5.0 [24]
Wheat shell 0.169 5–6 [25]
Terrestrial moss 0.173 5.5 [26]
Sour orange residue 0.339 5 [27]
Rubber leaves powder 0.234 4–5 [28]
Carrot residue 0.511 5 [29]
Pine cone powder 0.090 5 [30]
Olive mill residue 0.067 5 [31]
Chitosan-coated sand 0.128 5 [32]
nin (a) and its chelating interaction with Cu(II) (b).

increase of contact time at the beginning of the adsorption pro-
cess (0–20 min), and then gradually reaches an equilibrium value
in approximate 120 min. The initial concentration of Cu(II) has no
significant effect on the time needed to attain adsorption equilib-
rium. Fibrous CTR (as shown in Fig. 1) has fast adsorption kinetics
but its specific surface area is only 0.75 m2/g. Therefore, it is rea-
sonable to predict that the adsorption of Cu(II) should take place at
the outer surface of CTR and the intraparticle diffusion resistance
can be neglected.

To further understand the adsorption process, the pseudo-first-
order rate, pseudo-second-order rate, and intraparticle diffusion
rate models were used to fit the adsorption kinetic data.

The pseudo first-order rate [36] (3), pseudo second-order rate
[37] (4) and intraparticle diffusion rate [38] (5) models are given
as:

log(qe − qt) = log qe − k1t

2.303
(3)

t

qt
= 1

k2qe2
+ t

qe
(4)

qt = k3t0.5 (5)

where qe and qt are the adsorption capacity (mmol/g) of Cu(II) at
equilibrium and at time t (min), respectively, and k1 (min−1) is the
pseudo first-order rate constant, k2 [g/(mmol min)] is the pseudo-

−0.5
second-order rate constant, k3 (mmol/g min ) is the intraparticle
diffusion rate constant.

The calculated parameters are given in Table 3, as shown in
Table 3, the correlation coefficient R2 for the pseudo-second-order
rate model has an extremely high value (>0.99), and the adsorption

Table 2
The Langmuir and Freundlich model parameters of the adsorption of Cu(II) on CTR
(pH = 5.5).

Temperature
(K)

Langmuir fitting Freundlich fitting

qe qm K R2 KF n R2

303 0.259 0.266 19.154 0.999 0.256 5.646 0.988
313 0.295 0.300 27.813 0.998 0.297 6.238 0.983
323 0.312 0.317 30.650 0.999 0.317 6.262 0.981

qm: calculated by the Langmuir equation and qe: determined by experiments
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ig. 6. Adsorption kinetics of Cu(II) on CTR (pH = 5.5, 303 K). (a) Pseudo-first-order
odel fitting.

apacities calculated by the model are close to those determined
y experiments. However, the correlation coefficients R2 for the
seudo-first-order rate and the intraparticle diffusion rate models
re unsatisfactory. So it can be concluded that the pseudo-second-
rder rate model can be used to describe the adsorption kinetics
f Cu(II) on CTR. Looking at the behavior over the whole adsorp-
ion process, it is likely to agree with that the chelating interaction
f Cu(II) with CTR is the rate-controlling step [37,39], mean-
ng the intraparticle diffusion mass transfer resistance can be
eglected.

.4. Column studies
The breakthrough curve of Cu(II) on CTR column is shown in
ig. 7. The breakthrough point was around 20 BV, and afterwards,
he concentration of Cu(II) in effluent increased very quickly, which
ndicated that the CTR adsorption column has high availability [40].
he CTR column was then desorbed by 0.1 mol/L HNO3 solution

able 3
dsorption kinetics parameters fitted by the pseudo-first-order rate model, pseudo-secon

Ci Pseudo first-order rate model

qe,cal qe,exp k1 R2

0.5 0.092 0.109 0.112 0.918
1.0 0.252 0.273 0.164 0.974
1.5 0.297 0.319 0.072 0.970

i: initial concentrations of Cu(II).
odel fitting. (b) Pseudo-second-order rate model fitting. (c) Intraparticle diffusion

when adsorption process was completed. It was found that the
Cu(II) adsorbed on the column was easily desorbed (insert dia-
gram in Fig. 7). The maximum concentration of Cu(II) in eluate was
19.0 mmol/L, which was much higher than the feeding concentra-
tion of 1.00 mmol/L. These results suggest that Cu(II) in aqueous
solution can be effectively concentrated on CTR column. In practi-
cal application, the concentrated Cu(II) eluate may be subsequently
treated by other techniques, such as precipitation and smelt, to
recover Cu.

The cost of our prepared adsorbent was quite low due to that
the main raw materials of collagen and black wattle tannin were
as cheap as 300$/ton, and 1000$/ton, respectively. Considering the
compositions of CTR (collagen:black wattle tannin = 1:1.5) and cost

of produce, the overall cost of CTR tannin was no higher than
900$/ton. Furthermore, the regenerated CTR column can be reused
5 times for the adsorption of Cu(II) without any loss of adsorption
capacity. Consequently, CTR may be used as low cost adsorbent for
the removal of Cu(II) in practical application.

d-order rate model and the intraparticle diffusion rate models (pH = 5.5, 303 K).

Pseudo second-order rate model Intraparticle diffusion
rate model

k2 qe,cal R2 k3 R2

1.820 0.099 0.996 0.009 0.181
1.434 0.262 0.997 0.024 0.308
0.306 0.327 0.998 0.027 0.405
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ig. 7. Breakthrough curves of CTR column for the adsorption of Cu(II) (C0: initial
oncentration of Cu(II) = 1.0 mmol/L, Cf: concentration of Cu(II) in effluent).

. Conclusion

Compared with tannin immobilized on collagen fiber, the
dsorption capacity was greatly increased when tannin immobi-
ized on collagen, and the collagen molecules were re-assembled
nto fiber. Due to its fibrous state, CTR also exhibited fast adsorption
ate and the diffusion mass transfer resistance can be neglected.
he adsorption behaviors investigation of Cu(II) suggested that CTR
an be used for the adsorptive removal of Cu(II) from wastewater,
nd its excellent adsorption behaviors for other metal ions can be
xpected.

cknowledgment

This research was financially supported by The Research
ound for the National Natural Science Foundation of China
20976111, 20776090), the National Technologies R&D program
2006BAC02A09) and Sichuan Province Technologies R&D program
2008GZ0026).

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2010.11.098.

eferences

[1] A. Ozturk, T. Artan, A. Ayar, Biosorption of nickel(II) and copper(II) ions from
aqueous solution by Streptomyces coelicolor A3(2), Colloid Surface B 34 (2004)
105–111.

[2] S. Rengaraj, Y. Kim, C.K. Joo, J. Yi, Removal of Cu(II) from aqueous solution by
aminated and protonated mesoporous aluminas: kinetics and equilibrium, J.
Colloid Interface Sci. 273 (2004) 14–21.

[3] N. Lubick, Revisiting phosphorus in the Everglades, Environ. Sci. Technol. 41
(2007) 7954–7955.

[4] A.M. Zhizhaev, E.N. Merkulova, I.V. Bragin, Copper precipitation from sulfate
solutions with calcium carbonates, Russ. J. Appl. Chem. 80 (2007) 1632–1635.

[5] S. Rengaraj, S. Veli, B. Pekey, Removal of Cu(II) from aqueous solution by ion
exchange resin, Fresen. Environ. Bull. 13 (2004) 244–250.

[6] M. Hunsom, K. Pruksathorn, S. Damronglerd, H. Vergnes, P. Duverneuil, Electro-
chemical treatment of heavy metals (Cu2+, Cr6+, Ni2+) from industrial effluent
and modeling of Copper reduction, Water Res. 39 (2005) 610–616.
[7] Q. Yang, N.M. Kocherginsky, Copper recovery and spent ammoniacal etchant
regeneration based on hollow fiber supported liquid membrane technology:
from bench-scale to pilot-scale tests, J. Membrane Sci. 286 (2006) 301–309.

[8] A.I. Zaitsev, N.E. Zaitseva, E.K. Shakhpazov, B.W. Mogutnov, Potentialities of
simultaneous removal of tin and Cu(II) from molten iron through evaporation,
ISIJ Int. 44 (2004) 957–964.

[

[

terials 186 (2011) 1058–1063 1063

[9] J.T. Matheiekal, Q.M. Yu, Biosorption of lead(II) and copper(II) from aqueous
solutions by pre-treated biomass of Australian marine algae, Bioresour. Tech-
nol. 69 (1999) 223–229.

10] A. Ozcan, A.S. Ozcan, S. Tunali, T. Akar, I. Kiran, Determination of the equilibrium,
kinetic and thermodynamic parameters of adsorption of Cu(II) ions onto seeds
of Capsicum annuum, J. Hazard. Mater. 124 (2005) 200–208.

11] M. Soylak, M. Dogan, Column preconcentration of trace amounts of copper
on activated carbon from natural water samples, Anal. Lett. 29 (1996) 635–
643.

12] C. Mack, B. Wilhelmi, J.R. Duncan, J.E. Burgess, Biosorption of precious metals,
Biotechnol. Adv. 25 (2007) 264–271.

13] M. Imamoglu, O. Tekir, Removal of copper(II) and lead(II) ions from aqueous
solutions by adsorption on activated carbon from a new precursor hazelnut
husks, Desalination 228 (2008) 108–113.

14] M.J. Hynes, M.O. Coinceanainn, The kinetics and mechanisms of the reaction of
iron(III) with gallic acid, gallic acid methyl ester and catechin, J. Inorg. Biochem.
85 (2001) 131–142.

15] H. Arakawa, N. Watanabe, Chromium-binding ability of tannin in water-
extracts from withered oak leaves B, Chem. Soc. Jpn. 69 (1996) 1133–1137.

16] A. Nakajima, Electron spin resonance study on the vanadium adsorption by
persimmon tannin gel, Talanta 57 (2002) 537–574.

17] A. Nakajima, T. Sakaguchi, Recovery of uranium by tannin immobilized on
agarose, J. Chem. Technol. Biotechnol. 40 (1987) 223–232.

18] I. Chibata, T. Tosa, T. Mori, Z. Watanabe, N. Sakata, Immobilized tannin-a
novel adsorbent for protein and metal ion, Enzyme Microb. Technol. 8 (1986)
130–136.

19] X.Y. Lu, A brief discussion on manufacture of hide powder for tannin analysis,
Linchan Huaxue Yu Gongye 20 (2000) 71–74 (in Chinese).

20] S. Saracoglu, M. Soylak, L. Elei, Determination of trace amounts of copper in nat-
ural water samples by flame atomic absorption spectrometry coupled to flow
injection on-line solid phase extraction on ambersorb 563 adsorption resin,
Chem. Anal. (Warsaw) 48 (2003) 77–85.

21] B. Buke, U. Divrikli, M. Soylak, L. Elci, On-line preconcentration of copper as its
pyrocatechol violet complex on chromosorb 105 for flame atomic absorption
spectrometric determinations, J. Hazard. Mater. 163 (2009) 1298–1302.

22] X.P. Liao, Z.B. Lu, M. Zhang, X. Liu, B. Shi, Adsorption of Cu(II) from aqueous
solutions by tannins immobilized on collagen, J. Chem. Technol. Biotechnol. 79
(2004) 335–342.

23] A.R.S. Ross, M.G. Ikonomou, K.J. Orians, Characterization of dissolved tannins
and their metal-ion complexes by electrospray ionization mass spectrometry,
Anal. Chim. Acta 411 (2000) 91–102.

24] H.K. Hansen, F. Arancibia, C. Gutierrez, Adsorption of copper onto agriculture
waste materials, J. Hazard. Mater. 180 (2010) 442–448.

25] N. Basci, E. Kocadagistan, B. Kocadagistan, Biosorption of copper(II) from aque-
ous solutions by wheat shell, Desalination 164 (2004) 135–140.

26] A. Grimm, R. Zanzi, E. Bjornbom, A.L. Cukierman, Comparison of different types
of biomasses for copper biosorption, Bioresour. Technol. 99 (2008) 2559–2565.

27] M. Khormaei, B. Nasernejad, M. Edrisi, T. Eslamzadeh, Copper biosorption
from aqueous solutions by sour orange residue, J. Hazard. Mater. 149 (2007)
269–274.

28] W.S. Wan Ngah, M.A.K.M. Hanafiah, Biosorption of copper ions from dilute
aqueous solutions on base treated rubber (Hevea brasiliensis) leaves pow-
der: kinetics, isotherm, and biosorption mechanisms, J. Environ. Sci. 20 (2008)
1168–1176.

29] B. Nasernejad, T.E. Zadeh, B.B. Pour, M.E. Bygi, A. Zamani, Camparison for
biosorption modeling of heavy metals (Cr(III), Cu(II), Zn(II)) adsorption from
wastewater by carrot residues, Process Biochem. 40 (2005) 1319–1322.

30] A.E. Ofomaja, E.B. Naidoo, S.J. Modise, Dynamic studies and pseudo-second
order modelling of copper(II) biosorption onto pine cone powder, Desalination
251 (2010) 112–122.

31] F. Pagnanelli, S. Mainelli, F. Veglio, L. Toro, Heavy metal removal by olive
pomace: biosorbent characterization and equilibrium modelling, Chem. Eng.
Sci. 58 (2003) 4709–4717.

32] M.W. Wan, C.C. Kan, B.D. Rogel, M.L.P. Dalida, Adsorption of copper(II) and
lead(II) ions from aqueous solution on chitosan-coated sand, Carbohydr. Polym.
80 (2010) 891–899.

33] Y. Bulut, H. Aydin, A kinetics and thermodynamics study of methylene blue
adsorption on wheat shells, Desalination 194 (2006) 259–267.

34] I. Langmuir, The constitution and fundamental properties of solids and liquids,
J. Am. Chem. Soc. 38 (1916) 2221–2295.

35] N. Passe-Coutrin, S. Altenor, S. Gaspard, Assessment of the surface area occupied
by molecules on activated carbon from liquid phase adsorption data from a
combination of the BET and the Freundlich theories, J. Colloid Interface Sci. 332
(2009) 515–519.

36] S.C. Tsai, T.H. Wang, Y.Y. Wei, W.C. Yeh, Y.L. Jan, S.P. Teng, Kinetics of Cs adsorp-
tion/desorption on granite by a pseudo first order reaction model, J. Radioanal.
Nucl. Chem. 275 (2008) 555–562.

37] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes, Process
Biochem. 34 (1999) 451–465.

38] M.S. Chiou, H.Y. Li, Adsorption behavior of reactive dye in aqueous solution on

chemical cross-linked chitosan beads, Chemosphere 50 (2003) 1095–1105.

39] Y.S. Ho, G. McKay, The sorption of lead(II) on peat, Water Res. 33 (1999)
578–584.

40] X.P. Liao, L. Li, B. Shi, Adsorption recovery of thorium(IV) by Myrica rubra tannin
and larch tannin immobilized onto collagen fibers, J. Radioanal. Nucl. Chem. 260
(2004) 619–625.

http://dx.doi.org/10.1016/j.jhazmat.2010.11.098

	Adsorptive removal of Cu(II) from aqueous solutions using collagen-tannin resin
	Introduction
	Materials and methods
	Reagents
	Preparation of collagen
	Preparation of collagen tannin resin (CTR)
	Batch adsorption studies
	Effect of initial pH on adsorption capacity
	Adsorption isotherms
	Adsorption kinetics
	Column adsorption


	Results and discussion
	Effect of initial pH
	Adsorption isotherms
	Adsorption kinetics
	Column studies

	Conclusion
	Acknowledgment
	Supplementary data
	Supplementary data


