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Highly porous chitosan (CS) monoliths were prepared by a unidirectional freeze-drying method and the
adsorption performance of the monoliths for metal ions in aqueous solution was evaluated. The porous
CS monoliths have excellent adsorption for a range of metal ions. The effect of the amount of porous CS
monoliths, the pH, the adsorption time, the amount of the cross-linking agent, and the amount of disodium
ethylenediamine tetraacetate (EDTA) on the saturated adsorption efficiency (Ade) were determined. The
pH had the greatest influence on the adsorption behavior. Under optimal conditions (C2+ = 800 mg/L, pH

IégywordS: 6, and cross-linking agent = 0.15%) for the CS monoliths, the Ade for Cu?* exceeded 99%, and the saturated
Porous material adsorption capacity (Qs) reached a value of 141.8 mg/g (2.23 mmol/g) in 4 h. Moreover, the addition of
Adsorption EDTA can both increase the Qs and shorten the time that achieved the level. If EDTA was added, this level
Metal ions was achieved in 2 h. The porous CS monoliths can be regenerated by soaking them in acid and their Ade

is maintained.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Porous materials are an important material because of their
unique characteristics and applicability to many different areas
including aeronautics, astronautics, and petroleum chemical envi-
ronmental and tissue engineering. Porous materials with ordered
pore structures are required for photonic devices and for the scaf-
folds used in nerve cells. At present, there are two main methods
to prepare porous materials, porogen and non-porogen methods.
Foam forming, particle leaching, and freeze-drying are porogen
methods [1-4]. The freeze-drying techniques are especially attrac-
tive because water can be used as the porogen to prepare the porous
materials [5]. However, technologies for preparing porous materi-
als with ordered pore structure are often inconvenient [6-8].

Recently, Ferrer et al. reported a simple and effective way called
ice-segregation-induced self-assembly (ISISA) process, or unidirec-
tional freeze-drying method (UFDM) [9]. To date, this is the simplest
way to prepare oriented porous materials and the method has
been exploited for preparing aligned porous organic [5,10,11,8],
inorganic and composite materials [12,13]. Porous materials with
ordered pore structures are important for both theoretical stud-
ies and technological applications because of their high stability,
controllable pore structure and operational convenience [14,15].
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Industrial wastewater containing heavy metal ions has gener-
ated a great deal of concern as a major threat to human health
and several technologies for the efficient removal of ions are being
developed. Chemical precipitation or oxidation-reduction meth-
ods can be used to convert metal ions into insoluble compounds
for subsequent isolation. However, the excessive sludge these
methods produce creates additional treatment problems and, if
handled improperly, may cause secondary pollution. The use of
ion exchange resins to adsorb metal ions is an efficient but expen-
sive approach [16]. Porous materials with high surface areas and
connected pores are good candidates for adsorbents. For instance,
active carbon or zeolite is often used to adsorb heavy metal ions
and other toxic chemicals [17]. Clinoptilolite, a natural zeolite, has
been used to remove metal ions from water. Its adsorption capac-
ity depends on the pH and the initial metal ion concentration. Its
experimental maximum adsorption capacity for Cu?* and Pb2* is
about 90 mg/g and 45 mg/g, respectively [18].

Chitosan (CS), a natural, non-toxic, environmentally friendly
polymer, is one of the most promising alternative adsorbents for
removing heavy metals from wastewater [19]. It can be easily pre-
pared from chitin and is calculated to have a maximum adsorption
capacity of 176 mg/g for Cu2* using a Langmuir adsorption isotherm
model [20]. However, its mechanical strength and chemical insta-
bility are unfavorable [21], so numerous studies have been devoted
to modifying its properties. Cross-linking is an effective way to
improve CS’s stability [22], and several cross-linking agents such as
epichlorhydrin [23], glutaraldehyde [24], and ethyleneglycol digly-
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cidyl ether [25] have been used to prepared cross-linked CS beads.
Although both mechanical and chemical stability were improved,
the adsorption capacity for metal ions decreased as the degree
of cross-linking increased, because some of the -NH, groups are
consumed during the cross-linking reaction [26]. Composites are
another way to modify CS-based adsorbents [27-29]. Hasan et al.
reported that the maximum adsorption capacity for Cu(Il) by com-
posite beads of CS coated on perlite was 104 mg/g [30], although
the adsorption capacity of prelate itself is not high [31]. To fur-
ther improve the adsorption properties of CS, various chemical
modifications have been investigated such as thiourea-modified
CS [32,33], EDTA- and/or DTPA-modified CS [34], H,SO4 modified
CS [35], reactive blue 2 dye-modified CS [36], a-ketoglutaric acid-
modified-coated magnetic nanoparticles [37], and CS,-modified
CS [38]. For most of these methods, the experimental maxi-
mum adsorption capacity of the chemically modified CS is below
100 mg/g, although the calculated values are much higher. For
instance, the Langmuir isotherm model predicts adsorptions of up
to 225 mg/g for Cu%* and over 340 mg/g for Pb2*- Chemical modifica-
tion can greatly improve adsorption properties, but these methods
are usually complex and expensive to carry out. Therefore, efficient
adsorbents that are easy to use and inexpensive are desired.

In this study, highly porous CS monoliths were prepared by
a unidirectional freeze-drying method [39] and their adsorp-
tion capacities for metal ions from aqueous solutions were
evaluated.

2. Materials and methods
2.1. Materials

CS (Mn=100K) was purchased from Zhejiang Yuhuan Marine
Biochemical Co. Ltd. Glutaraldehyde and copper sulfate were sup-
plied by Beijing Chemical Co. Lead nitrate, acetic acid, concentrated
nitric acid, anhydrous ethanol, and ethylenediamine tetraacetate
(EDTA) were all from Tianjin Chemical Reagent Co.

2.2. Preparation of highly porous CS monoliths

A 1.0 g sample of CS was mixed with 50 mL 0.2 mol/L acetic acid
solution in a flask and stirred vigorously to obtain a homogeneous
solution. Then 1 mL 5% (g/mL) glutaraldehyde solution as the cross-
linking agent was added to the solution with stirring. The mixture
was allowed to stand for about 2 h at room temperature, and then
it was injected into a PET tube (20 mm in diameter and 50 mm in
length). The plastic tube was placed inside a thermally insulated
Styrofoam tube, with only the bottom surface of the plastic tube
exposed to air. The Styrofoam tube was placed onto the surface of a
6 cm diameter metal disk, which in turn rested on a 6 cm-deep pool
of liquid nitrogen for about 10 min to create a uniaxial thermal gra-
dient [40]. As the liquid nitrogen evaporated, the homogeneous
CS solution was unidirectionally frozen from the bottom to the
top. The solidified CS/water biphase system was then transferred
into a freeze-drying vessel (Alpha1-2, Christ, Germany) under vac-
uum (less than 20 Pa) and freeze-dried for 48 h to obtain porous CS
monoliths (a cylinder with 2 cm in diameter and 1.6 cm in height).

The porous CS monoliths were then immersed into an anhy-
drous ethanol solution containing a small amount of 0.1 mol/L
sodium hydroxide. The solution was gently shaken, and then the
monoliths were removed and rinsed with pure ethanol. The treated
porous CS monoliths were dried in the freeze drier for 6h, and
then stored in a desiccator. They were characterized by scanning
electron microscopy (SEM) (JEOL-6700F ESEM, Japan), and their
porosity was calculated [41].

2.3. Adsorption of porous CS monoliths for Cu*

The porous CS monoliths (0.15% cross-linking agent; pH 6.0)
were placed into a 250 mL conical flask containing 100 mL of
50 mg/L copper sulfate solution to allow adsorption to occur at
room temperature. A 1 mL aliquot of supernatant was removed
each hour for analysis. Each aliquot of supernatant was diluted
to 50 mL with distilled water, and then analyzed by flame atomic
absorption spectrometry (Solar 969 atomic absorption spectropho-
tometer, Thermo, U.S.) to determine the concentration of the Cu2*
ions. A standard calibration curve was used [42]. The adsorption
efficiency (Ad) and adsorption capacity (Q;) were calculated accord-
ing to the following equations:

Ad(%) = COC_ S . 100 (1)
0
(Co— )V
Q=" )

where Cj is the initial concentration of copper ions, C; is the con-
centration at a given time, W (g) is the weight of the dry porous CS
monoliths and V (mL) is the volume of solution. Note that Q; (mg/g)
is the apparent adsorption capacity of the porous monoliths at a
given time, and given a long enough adsorption time, it becomes
equal to the saturated adsorption efficiency (Ade) and saturation
capacity (Qs).

Toinvestigate the effect of EDTA on the adsorption of ions, 25 mL
of a 100 mg/L Cu®* solution was mixed with various amounts of an
isopycnic EDTA solution to obtain different ratios of EDTA/Cu?*.
The adsorption measurements of the porous CS monoliths (0.3%
cross-linking agent) were carried out for these solutions using the
procedures described above.

To explore the adsorption effect of the treated porous CS mono-
liths (0.3% cross-linking agent), 50 mL aqueous solution of Cu2*
metal ions with a concentration of 50 mg/L was poured into a con-
ical flask, and then the treated porous CS monoliths were placed
into the solution with mild shaking. The adsorption measurements
of the treated porous CS monoliths were carried out as above.

In order to study the adsorption behavior of the porous CS mono-
liths in a mixture of metal ions, 50 mL aqueous solution of Cu?*,
Pb2* Hg?*, Cd?* and Ni2* metal ions, each with a concentration of
50 mg/L, was poured into a conical flask, and then the porous CS
monoliths were placed into the solution with mild shaking. The
adsorption behavior of the monoliths at different time intervals
was determined by inductively coupled plasma mass spectroscopy
(Profile, Leeman Labs, U.S.) [43].

2.4. Regeneration and recycling of porous CS monoliths

The porous CS monoliths containing Cu?* were thoroughly
rinsed with water and dried under vacuum. Then the dried mono-
liths were put into 10 mL of nitric acid solution at pH 1 to allow
desorption of the Cu?* ions. The concentration of Cu2?* in the
solution after a certain interval (Cf) (C; includes Cu?* jons that
disengage from the adsorbent during the rinsing step) was deter-
mined by flame atomic absorption spectrometry, and the degree of
desorption was calculated according to Eq. (3).

*

C
o x 100 3)

10
Desorption(%) = 0,

After the desorption reached completion, the monoliths were
removed from solution, rinsed with water and dried in a freeze
desiccator.

To investigate the ability of the CS monoliths to be recycled, the
regenerated porous CS monoliths were repeatedly subjected to the
adsorption and desorption processes.



150 F. Xu et al. / Journal of Hazardous Materials 188 (2011) 148-155

00pm WD 7.9mm

10.0kV

10.0kV X100 100um

Fig. 1. SEM images of the cross-sections of porous CS monoliths with different amounts of cross-linking agent: (a) 0.1%, (b) 0.2%, (c) 0.3%, (d) 0.5%, (e) magnification of (c),

(f) the longitudinal view of (b).
3. Results and discussion
3.1. Characterization of the porous CS monoliths

Porous CS monoliths prepared by unidirectional freeze-drying
have oriented pore structures, and their pore size depends on sev-
eral factors, one of which is the degree of CS cross-linking (Fig. 1).
As the amount of cross-linking agent increased, the pore width
increased from 50 wm to 100 wm and the length of the pores
decreased from 300 pm to 150 pm. These morphology differences
are attributed to the changes that occur in the viscosity of the CS
solutions with different amounts of cross-linking agent. Since CS
is a hydrophilic polymer, it can absorb a large amount of water to
form a hydrogel when it comes in contact with water. This abil-

ity to absorb water, together interconnected pores, are beneficial
for the diffusion of metal ions, which in turn should lead to high
adsorption rates for metal ions.

3.2. Qs and Ade at different Cu®* concentrations

The effect of Cu?* concentration on the Qs and Ade is shown in
Fig. 2. For a constant amount of porous CS monolith (0.15g), the
Qs gradually increased as the initial Cu?* concentration increased
until the saturation point was reached at 800 mg/L. At or above this
Cu?* concentration a maximum uptake of 141.8 mg/g was obtained.
This high adsorption capacity can be attributed to the structure
of the adsorbents. CS adsorbents are normally microparticles hav-
ing a size of about 50 wm. The porous CS monoliths have oriented
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Fig. 2. Effect of ion concentration on the Qs and Ade (0.15% cross-linking agent).

through pore structures (Fig. 1(f)) which are beneficial for the diffu-
sion of metal ions to the surface and interior regions of the porous
CS monoliths. The walls of the pores are made of CS plates that have
a thickness of about 5 wm, and many “CS micro-ribbons or fibers”
protrude from the CS walls (shown in Fig. 1(e)). So the porous CS
monoliths have a high surface area which results in more surfacial
-NH, groups for metal ion adsorption, which leads to high Qs. This
is why CS is often coated onto particle surfaces to increase the Qs
of CS itself. However the Qs of the whole adsorbents remains low
because the core is usually inert or has a low adsorption capacity
[30,44]. The obtained maximum uptake value maybe the highest
experimental value to the best of our knowledge [20,30,34]. How-
ever, the Ade gradually decreased as the concentration of Cu?* ions
in solution increased. These results may be explained by the fact
that at high Cu?* concentration, more Cu?* ions are available to
adsorb onto the adsorbent, before the adsorption-desorption equi-
librium is reached. However, at the same time, at high initial Cu%*
concentrations, more Cu2* ions are left in solution simply because
the total amount of Cu?* ions is far beyond the Qs of the porous CS
monoliths, which leads to the decline of the Ade.

3.3. Adsorption of porous CS monoliths for metal ions

Fig. 3 shows the adsorption behavior for Cu2* when different
amounts of porous CS monoliths (different pieces of monoliths
with the same size and structure) were used as the adsorbent. For
each curve, the Ad increased gradually with time until a satura-
tion plateau was reached. The time needed to reach the maximum
adsorption depended on the amount of porous CS. It took 10h to

Ad (%)

Time (h)

Fig. 3. The effect of the CS monolith dosage on the Ad (Cu?*: 50 mg/L).

Fig. 4. Color change of the porous CS monoliths (side and top views) during the
adsorption test (a) 0 min, (b) 20 min, (c) 60 min, (d) 2 h, (e)4h, (f) 6 h.

reach the maximum when 0.05g or 0.10g porous CS was used,
whereas it only took 4 h for 0.2 g porous CS. On the other hand,
the Ade increased from about 70% to 99.5% when the amount of
porous CS increased from 0.05 g to 0.15 g. A further increase in the
amount of adsorbent did not produce any further growth in the
Ade. Therefore 0.15 g was adopted as the amount of adsorbent in
the subsequent experiments.

The adsorption process can be perceived by the naked eye. As
the adsorption process in a 200 mg/L Cu?* solution progressed, the
color of the porous CS monoliths gradually changed as shown in
Fig. 4. The color of the CS monoliths went from original yellow
(Fig. 4(a)), to yellow-green (Fig. 4(b)) and finally to dark green
(Fig. 4(f)) as more Cu?* of blue color was adsorbed. From Fig. 4(a—c),
it can be observed that the ion adsorption occurred primarily near
the surface of the sample during the first 60 min, with the color
gradually changing from yellow to lime. After 2 h, the CS monolith
turned to green, and after 4 h the entire sample became dark green.
The color changes also indicate that the porous CS monoliths were
almost saturated after 2 h of adsorption, and reached a maximum
adsorption after 4 h. The Cu?* ions were adsorbed by the porous CS
monoliths very quickly owing to the highly porous structure of the
porous CS monoliths.

3.4. The effect of the amount of cross-linking agent on adsorption

The amount of cross-linking agent had a considerable impact on
the Ad of the porous CS monoliths for CuZ*. This is probably because
cross-linking effects both the porosity and the number of available
-NH; groups in the CS monoliths. As shown in Fig. 5, the Ad for
Cu?* decreased significantly as the amount of cross-linking agent
increased. The adsorption of Cu2* is mainly through the chelation
of the metal ion with the amino groups of CS. When the amount of
cross-linking agent increased or the reaction time was extended,
more amino groups were consumed in the cross-linking reaction
with glutaraldehyde which reduces the Q; for Cu®*. Therefore, the
amount of cross-linking agent and the cross-linking time need to be
carefully controlled during the preparation of porous CS monoliths.

3.5. The dependence of Ad on pH

Fig. 6 shows the Ad of the porous CS monoliths at different pH
values (adjusted by adding hydrochloric acid). The effect of pH is
quite strong and the similar results have also been reported [30,45].
At low pH, the Ad was only 10%, and the value changed little with
time. The Ad increased as the pH increased and reached a maxi-
mum at pH 6. At lower pH values, the H* ions in solution compete
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Fig. 5. Effect of the amount of cross-linking agent on the Ad (Cu?*: 50 mg/L).

with Cu?* for adsorption which leads to reduced Cu?* adsorption.
In addition, at low pH, the -NH, groups on the CS macromolecules
become protonated to NH3* as shown in Eq. (4). These -NH3"*
cations not only do not chelate with Cu?*, but also induce elec-
trostatic repulsions with the Cu2* ions in solution. This hinders
the Cu?* jons approach to and coordination with the CS macro-
molecules. When the pH was above 7.0, flocculation occurred in the
Cu?* solution, and above pH 8.0, a precipitation was observed. They
are maybe the uncross-linked CS macromolecules that dissolved in
the solution and precipitated at high pH.

.
HO — CS — NH, = HO — CS — NH3*+ (4)
OH™

3.6. Adsorption of mixed ions

The Ad of the porous CS monoliths for five metal ions in one
solution at 20 min, 4h and 8h is shown in Fig. 7. The Ad of the
monoliths for Hg2* was the highest. Initially, the Ad for Cu?* was
lower than that of Hg2*, but it increased with time and eventually
after 8 h, it reached the same value as HgZ*. The Ad of the monoliths
for the other three metal ions was similar but much lower than
that of Hg2* or Cu?*. The Ad sequence for the five metal ions is:
Hg2* > Cu2* > Cd2* > Pb2* >Ni%*, a trend comparable to that reported
by Babel et al. [19].

100

Ad (%)

Time (h)

Fig. 6. The Ad at different pH values (0.15% cross-linking agent; Cu2*: 50 mg/L).
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Fig. 7. The Ad for different metal ions (Cu?*, Pb2*, Hg2*, Cd?* and Ni%*: 50 mg/L).

3.7. Improved adsorption by adding EDTA

For the above results, ethanol treated CS monoliths were used to
improve the Ade of the monoliths. The ethanol treatment helps to
remove the acetic acid that was added during the initial preparation
of the monoliths.

Heavy metal ions, such as lead or mercury can be removed from
solution by chelation with EDTA, so the addition of EDTA to improve
the adsorption of the untreated CS monoliths was also explored.
The relationship between Ade and EDTA concentration is shown in
Fig. 8. A maximum Ade of 98.35% was achieved for an EDTA con-
centration of 250 mg/L. The benefit of adding EDTA is significant:
the Ade was only 30% when no EDTA was present in the Cu2* solu-
tion, whereas it reached over 90% when the EDTA concentration
was 250-300 mg/L.

In the presence of EDTA, both the CS macromolecules and the
EDTA molecules adsorbed Cu?* through chelation with their -NH,
or —COOH groups. When EDTA is at a relatively low concentration,
the —-COOH groups of EDTA can interact with the NH, groups on
the CS macromolecules, and thereby allow more Cu?* ions to bond
with the CS through this additional CS-EDTA-Cu?* pathway. So the
addition of EDTA significantly improves the Ade. However, when
excess EDTA is present in the solution, the CS macromolecules can-
not offer sufficient -NH, groups to couple with the EDTA -COOH
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Fig. 8. Effect of EDTA concentration on the Ad (0.3% cross-linking agent; Cu?*:
100 mg/L).
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Fig. 9. The Ad of different CS monoliths (0.3% cross-linking agent; Cu?*: 50 mg/L,
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groups, and a large portion of EDTA molecules are left in solution.
Since Cu?* is more likely to chelate with EDTA in solution than with
CS, some Cu2* remains in the solution instead of being adsorbed by
the CS monoliths, which leads to a loss in Ade.

Fig. 9 compares the Ad of treated and untreated monoliths with
and without EDTA. The Ad of the treated CS monoliths was higher
than the corresponding untreated ones. Without ethanol treat-
ment, the residual acetic acid in the CS monoliths can protonate
the —-NH; groups to -NH3* which are then unable to chelate with
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Fig. 10. Desorption efficiency of Cu?* from the CS monoliths (0.15% cross-linking
agent; Cu?*: 50mg/L).

Cu?*, By soaking the monoliths in ethanol to remove the acetic acid,
the Ad of the CS monoliths was improved.

After EDTA was added to the Cu2* solution, the untreated mono-
lith showed an increased Ade from 32% to 99.5%, and the time
(4-5h) to reach adsorption equilibrium was also reduced by 2-3 h.

CS and EDTA can both chelate with Cu?*. Under acidic condi-
tions, the amino and hydroxyl groups on the CS macromolecules
are in the forms of -NH3* and -OH,", respectively, and there-
fore the EDTA molecules can be adsorbed by the CS through the
electrostatic attractions between these two cations and the EDTA’s

Fig. 11. Color change of CS monoliths (side and top views) during desorption of Cu?* (a) 0 min; (b) 1 min; (c) 3 min; (d) 5min; (e) 10 min; (f) 20 min.
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Ade x 100) (0.15% cross-linking agent; Cu?*: 50 mg/L).

—-COO0~ groups. The Cu?*-EDTA-CS may represent a stronger bond-
ing pathway compared with direct Cu?*-CS chelation. Therefore, in
the presence of EDTA, untreated CS monoliths can adsorb Cu?* ions
with high efficiency through this approach.

3.8. Desorption and recycling characteristics of the porous CS
monoliths

The above results show that the porous CS monoliths possess
excellent adsorption capabilities for metal ions. But in practice, it
is also necessary that such adsorbent materials can be used repeat-
edly. In this regard, the adsorbed ions need to be readily removed
after use. Therefore, the desorption characteristics were studied.
Fig. 10 shows the desorption efficiency of Cu2* from the CS mono-
liths in acidic solution. According to Eq. (4), the amine groups
are protonated in acidic solutions, so the electrostatic repulsions
between Cu?* and -NH5* allow the Cu?* to be easily desorbed from
the CS macromolecules.

The desorption of Cu?* from the CS monoliths can also be per-
ceived with the naked eye (Fig. 11). The green CS monolith turned
lighter after it was immersed in the acid solution for 1 min because
Cu2* ions of blue color were gradually desorbed. After 3 min, the
surface of the monoliths became yellow while, the inner part
remained green, indicating that the Cu2* had not yet completely
desorbed. This phenomenon can be attributed to the lower diffu-
sion rate from the inner part compared to the surface. A similar
color gradient also existed in the adsorption process described ear-
lier. After 20 min, the CS monolith returned to its original yellow
color, which indicates that the desorption of Cu?* from the porous
monoliths was complete.

The Ad of the regenerated CS monoliths was tested and the
results are given in Fig. 12. The Ade decreased after regeneration.
Nevertheless, they maintained nearly 90% of their original Ade after
multiple cycles which indicates the monoliths can be reused. Thus,
the porous CS monoliths should be useful for future applications.

4. Conclusions

Highly porous CS monoliths with oriented pore structures have
been successfully prepared using unidirectional freezing technol-
ogy. The material shows excellent adsorption performance for a
range of heavy metal ions. The Ad is a function of the dosage of CS,
pH value, adsorbing time, the amount of cross-linking agent and
the amount of EDTA. Under optimum conditions, the high Qs of

141.8 mg/g for Cu%* can be obtained. Since the porous CS monoliths
are biocompatible and biodegradable, and can be easily regener-
ated after use, they offer a promising environmentally friendly way
to treat wastewater containing heavy metal ions.
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