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Ordered porous zeolite/chitosan (Zel/Chi) monoliths were prepared by a unidirectional freeze-drying
method, and their properties and structures were characterized by various instrumental methods. The
metal ion adsorption and the drug release performance of the porous Zel/Chi monoliths were also studied.
The release rate of cefalexin from drug-loaded Zel/Chi monoliths depended on the composition and
porous structure of the monoliths. The metal ion adsorption capacity of the Zel/Chi monoliths was related
to the concentration of the metal ions, the adsorption time and the Zel/Chi ratio. An experimentally
maximum adsorption of 89 mg/g was achieved for Cu?* ions. The Zel/Chi monoliths with adsorbed Cu?*
ions effectively catalyzed the reduction of 4-nitrophenol to 4-aminophenol and had good recyclability.
They were easily recovered by simply removing them from the reaction system and rinsing them with

© 2014 Published by Elsevier Ltd.

1. Introduction

Porous materials are intriguing materials because of their
unique characteristics and they have wide applications. Air and
water pollution which include the presence of heavy metal ions
are considered to be a serious health threat. So the treatment of
heavy metal ion-containing wastewater has attracted much atten-
tion and several technologies have been developed for the removal
of the heavy metal ions from industrial wastewater.

Chemical precipitation and oxidation-reduction methods trans-
form soluble metal ions into insoluble compounds, but at the same
time produce a great deal of waste sludge which can cause sec-
ondary pollution problems. Ion exchange resins can adsorb metal
ions (Watanabe, Ohnaka, & Fujita, 2011), but they are expensive.
Many porous materials have been used for the treatment of metal
ion-containing water because they have high porosities and huge
surface areas (Deze, Papageorgiou, Favva, & Katsaros, 2012; Zhang,
Ma, &Yuan, 2008).
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Zeolite is an important porous material. It has a uniform
nanoporous structure that can selectively adsorb various pollut-
ants like heavy metal ions and organic molecules (Meena, Mishra,
& Rai, 2005). Zeolite 4A prepared from coal fly ash has been used
to remove mixed heavy metal ions from water (Hui, Chao, & Kot,
2005). Cellulose acetate/zeolite (CA/Z) composite fibers have been
synthesized and used as an adsorbent for removing Cu?* and Ni2*
metal ions from aqueous solutions (Ji et al., 2012). The maximum
theoretical adsorption capacities of the CA/Z fiber for Cu%* and Ni2*
at 298 K were 28.57 and 16.95 mg/g, respectively.

Chitosan is a natural, non-toxic and biodegradable polymer. It
has been used as a biomaterial in drug delivery systems and in scaf-
folds for tissue engineering. It also has high adsorbing efficiencies
for organic molecules and metal ions which is because it con-
tains various active functional groups such as amino and hydroxyl
groups. These groups can chelate with metal ions. Recently chitosan
based composites, like chitosan/bentonite (Futalan et al., 2011),
chitosan/clinoptilolite (Dragan, Dinu, & Timpu, 2010), chitosan/fly
ash composite (Wen, Tang, & Chen, 2011), chitosan/cellulose (Sun,
Peng, Ji, Chen, & Li, 2009) and chitosan/cotton (Qu et al., 2009) have
been prepared for removing metal ions from wastewater. Ethylene-
diamine modified chitosan had maximum adsorption capacities
of 41.5, 31.8 and 20.0 for Cu?*, Pb2*, and Zn?" ions, respec-
tively (Chethan & Vishalakshi, 2013), and chitosan/sand exhibited
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a capacity of 10.87 for Cu?* ions (Wan Ngaha, Teong, & Hanafiah,
2011).

Composites made of chitosan and zeolite have been reported.
The composites may be blends or chitosan coated zeolite (Ghosh,
Ma, & Gao, 2013; Peng et al., 2013). They are usually in the forms
of microspheres, particles, membranes, and films (Wan Ngaha,
Teong, Toh, & Hanafiah, 2013; Batista, Villanueva, & Amorim, 2011).
Zel/Chi beads and films has been used for metal ions adsorption,
while the adsorption capacities are less than 52 mg/g (Wan Ngaha
etal., 2013). Fabrication of porous Zel/Chi monoliths used for metal
ion adsorption and drug release has not been reported.

At present, two main methods are used to prepare porous
materials, porogenic and non-porogenic methods (Ishaug-Riley,
Kruger, & Yaszemski, 1998; Yun & Jong, 2005). Freeze-drying is
one of porogenic methods that is especially attractive because non-
toxic water is usually used as the porogen to prepare the porous
material (Stokols & Tuszynski, 2004). Recently, a unidirectional
freeze-drying method (UFDM) was used to fabricate porous mate-
rials with oriented pore structures (Zhang, Long, & Cooper, 2005; Mi
et al.,, 2012). To date, this is the simplest way to prepare oriented
porous materials and the method has been exploited to prepare
aligned porous inorganic, organic and composite materials.

Nacre is a strong inorganic material. Its toughness is due to its
special architecture, where consists of a brick-and-mortar structure
comprised of 95% (by vol) polycrystalline aragonite platelets and 5%
of a protein that is extremely effective at restricting crack propa-
gation (Bouville et al., 2014). Nacre has a strength that is orders of
magnitude greater than either of its constituents. Its toughness is
achieved through numerous extrinsic mechanisms including vis-
coelastic deformation of the protein layer, mineral bridge rupture,
inelastic shearing and frictional sliding during platelet pull out. Var-
ious techniques, including UFDM have been used to produce strong
inorganic/polymer composites that can mimic the features of nacre
(Bouville et al., 2014).

Herein, highly porous zeolite/chitosan (Zel/Chi) monoliths were
prepared by UFDM. The monoliths were then used to adsorb metal
ions from aqueous solutions. The interconnected porous channels
inside the porous monolith facilitated the diffusion of the ions,
which benefited the adsorption. So the porous Zel/Chi monoliths
showed a high adsorbing capacity. The Cu%*-adsorbed monoliths
demonstrated a high catalytic activity for the reduction of 4-
nitrophenol to 4-aminophenol, and this material offers a promising
way to remove heavy metal ions from wastewater.

2. Materials and methods
2.1. Materials

The zeolite was a gift from the Catalyst Plant at Nankai Uni-
versity, PR China. Chitosan (M, = 100 K) was from Zhejiang Yuhuan
Marine Biochemical Co. Ltd. Glutaraldehyde, the metal ion standard
solutions, NaBH4, 4-nitrophenol (4-NP), acetic acid, concentrated
nitric acid, anhydrous ethanol and sodium hydroxide were all
from Tianjin Chemical Reagent Co. All the chemicals were used as
received.

2.2. Preparation of porous Zel/Chi monoliths

Chitosan powder (0.5g) was dissolved with stirring in 50 mL
of 0.2 mol/L acetic acid solution. Then the desired amount of zeo-
lite powder and 1 mL of 5% (g/mL) glutaraldehyde solution (as the
cross-linking agent) was added to the chitosan solution with son-
ication. The solution was allowed to age for about 2h at room
temperature, and then it was poured into a plastic tube. The plastic
tube was then placed in an insulating Styrofoam container, with

only the bottom surface of the plastic tube exposed. The Styrofoam
container was placed onto the surface of a 6-cm diameter disk of
metal, which in turn rested on a 6-cm-deep pool of liquid nitrogen
to create a uniaxial thermal gradient. The solidified monoliths were
then transferred into a freeze-drying vessel (Alpha1-2, Christ, Ger-
man) under vacuum (less than 20 Pa) and freeze-dried for 48 h to
give porous Zel/Chi monoliths.

The porous Zel/Chi monoliths were dipped in anhydrous ethanol
containing a small amount of sodium hydroxide and slightly agi-
tated. The monoliths were then removed and rinsed with pure
anhydrous ethanol. The treated porous Zel/Chi monoliths were
dried in the freeze drier for 6 h and stored in a drier. Similarly, drug-
loaded porous Zel/Chi monoliths were prepared. Briefly, cefalexin
was dissoved in distilled water, before it was added to Zel/Chi mix-
ture solution under stir. The mixture solution was freeze dried to
obtain the cefalexin loaded porous Zel/Chi monolith.

2.3. Observation of Zel/Chi monolith morphology

The morphology of porous Zel/Chi monoliths was observed by
scanning electron microscope (SEM, JEOL-6700F ESEM, Japan). The
samples were gold coated using a sputtering coater (Desk-II; Den-
ton Vacuum), placed onto the stage in the chamber and observed.

2.4. Porosity of the porous Zel/Chi monoliths

The porosity of the porous Zel/Chi monoliths was calculated
according to the following formula.

Vm —Vp xlOO:MXl
V

m m

Porosity (%) = 00 (M
where Vi, is the total volume of Zel/Chi monolith (cm?), V, is the
actual volume taken by Zel/Chi (cm?3), Wy, is the mass of the mono-
liths (g), and p is the density of Zel/Chi (g/cm3). The p was obtained
by measuring the weights (W) and volumes (V) of Zel/Chi compos-
ites discs (p=W/|V).

2.5. Water absorption by the porous Zel/Chi monoliths

The Zel/Chi monoliths was placed into a vacuum at 50°C and
dried to a constant weight. They were then immersed into distilled
water at room temperature. After 2 h, the samples were removed
and their surface was blotted with filter paper before they were
weighted. The water absorption (WA) of the Zel/Chi monoliths was
calculated according to the following formula.

W; — W
0

WA (%)= x 100 (2)
where Wy and W; are the weights of Zel/Chi monoliths (g) before
and after absorbing water, respectively.

2.6. Release of cefalexin from the Zel/Chi monoliths

The release of cefalexin was determined by placing the
cefalexin-loaded Zel/Chi monolith (0.2 g) in 10 mL of saline solution
at 37 °C. At certain time intervals, the saline solution was changed
and the concentration of cefalexin in the eluate was determined
using spectrophotometry. The accumulated amount of released
cefalexin over time was calculated.

2.7. Adsorption capacity of the porous Zel/Chi monoliths for
Cu?*(or Pb%*)

The porous Zel/Chi monolith was put into a 100-mL conical
flask containing 50 mL of 50 mg/L Cu2* solution and allowed to
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stand at room temperature. At 1h intervals, 1 mL of the super-
natant was removed and diluted to 50mL with distilled water.
Flame atomic absorption spectrophotometry (Soloar 969 atomic
absorption spectrophotometer, Thermo, U.S.) was used to deter-
mine the concentration of the metal ion in the supernatant using a
standard calibration curve. The adsorption efficiency (Ade) and sat-
urated adsorption capacity (Qs) were obtained using the following
formula:

Ade (%)= 2= 100 3)
0
(Co—C)V

where Cy is the initial concentration of Cu?* ions, C; is the con-
centration at time t (h), W (g) is the weight of the porous Zel/Chi
monolith, and V (mL) is the volume of solution. Q; (mg/g) is the
adsorption capacity of the porous monoliths at time ¢t (h) and if the
time is long enough it is equal to saturated adsorption capacity (Q).

2.8. Reduction of 4-NP catalyzed by Cu?*-adsorbed Zel/Chi
monoliths

The Cu?*-adsorbed Zel/Chi monolith (30 mg) from the above
experiment was rinsed three times with distilled water to remove
any unbound Cu2* and was then soaked in 0.5 M NaBH,4 solution
(3 mL) for 19 min at 25 °C. Next an aqueous 4-NP solution of 0.015 M
was added. The conversion of 4-NP to 4-AP was measured by mon-
itoring the change in the 400-nm absorbance peak of 4-NP with a
UV-vis spectrophotometer.

3. Results and discussion
3.1. Structure and properties of the porous Zel/Chi monoliths

The Zel/Chi monoliths were fabricated using different propor-
tion of Zel/Chi via UDFM and their SEM photos are shown in Fig. 1.
All the Zel/Chi monoliths contained randomly distributed pores
although there are local areas where the pores are arranged reg-
ularly. The pores are all tube-like and parallelly arranged, so the
cross-sectional (left) and vertical (right) images appear quite dif-
ferent. The layered structure of the Zel/Chi monoliths is similar to
that of natural nacre but quite different from that of other porous
materials prepared by traditional freeze-drying techniques. Those
porous materials exhibit random and evenly distributed pores
(Alizadeha, Abbasi, Khoshfetra, & Ghaleh, 2013), so their vertical
and cross-sectional areas are nearly identical.

The shape of the pores in the Zel/Chi monoliths is due to the
temperature gradient that occurred during the freezing step in the
UFDM. When there is a temperature gradient during the phase sep-
aration, the ice crystals grow along the direction of the temperature
gradient. The shape of the ice crystals then becomes imprinted in
the porous monoliths during the freeze-drying, so the size and
shapes of the pores in the Zel/Chi porous monoliths depend on the
size and shapes of ice crystals.

The Zel/Chi ratio is an important factor that influences the struc-
ture of the Zel/Chi porous monoliths. Ratios of 1:1, 3:1, 5:1, 7:1,
and 9:1 were used to prepare monoliths (the concentration of Chi
was held constant). For all the Zel/Chi ratios, the size of the pores
in the cross-sections are uneven; however, in the vertical-sections
there is a layered structure and the distance between two layers
corresponds to the width of the pores in cross-section. For the
Zel/Chi ratio of 1:1, the width of the pores is 50 to 100 pm and
the lengths are 300 to 600 wm (Fig. 1a and A). Both the width and
length decreased when the Zel/Chi ratio increased. For a ratio of
7:1, the pore width decreased to about 30 wm and pore lengths
decreased to 150 to 350 wm (Fig. 1d and D). This change is due to

the increased amount of Zel at high Zel/Chi ratios. In the freezing
step, a large amount of Zel (particles) prevents the ice from form-
ing large ice crystals, so only small pores form in the Zel/Chi porous
monoliths after the drying step.

Fig. 1F shows magnified SEM photos of the vertical section of
the Zel/Chi porous monolith with a Zel/Chi ratio of 5:1. Both the
Zel and Chi can be clearly seen. The Chi forms a continuous film
and the Zel particles are surrounded by the Chi film or are adhered
onto the film surface. At a high Zel content, so many Zel particles
are on the film surface that the surface becomes coarse and the film
thickness becomes thicker. When the Zel/Chi ratio was increased to
9:1 (Fig. 1e and E) it is difficult to see the porous structure, and the
monolith is easily broken although it had high density. In addition,
the film surface was much coarser and the Zel particles easily fell
off the surface because there was not sufficient Chi to tightly glue
the Zel particles together.

Fig. 2 shows the porosity of the Zel/Chi porous monoliths at dif-
ferent Zel/Chi ratios. The porosity increased almost linearly with
decreasing Zel/Chi ratio. The Zel/Chi porous monolith with an 8:1
ratio only had a porosity of 68.8% whereas that for the 1:1 ratio
was 96.9%. Hydroxyapatite (HA) and gelatin composite foams that
have been previously formed via freeze-drying and crosslinking
exhibited a similar porosity trend (Kim, Knowles, & Kim, 2005).
Pure gelatin, gelatin-10% HA, and gelatin-30% HA had porosities of
89.8%, 87.5% and 84.6%, respectively.

Fig. 3 shows the IR spectra of Chi, Zel and Zel/Chi (7:1). The four
absorption peaks at 1226.20, 1082.29, 800.45, and 545.40 cm~! are
due to Zel (Jansen, Van der Gaag, & Van Bekkum, 1984). The peaks
at 1082.29 and 800.45 cm~! are due to Si—O and Al—O stretching
vibrations. CS has five peaks at 3441.57cm~! (—OH stretching),
2920.53cm~! (CH stretching), 1657.97cm~! (—NH, bending-I),
1571.20cm~! (—NH; bending-II), and 1081.72 cm~! (C—O stretch-
ing) (Wang, Du, & Liu, 2004). The spectrum for Zel/Chi contains
peaks for both Zel and Chi with some shifts in band positions. This
indicates that there are some interactions between Zel and Chi but
since no new peaks appeared in the Zel/Chi spectrum, no chemical
reaction occurred between Zel and Chi.

Fig. 4 shows water absorption ability of the porous Zel/Chi
monoliths made with different Zel/Chi ratios. As the relative
amount of Chi in the Zel/Chi increased, the water adsorption abil-
ity also increased. This same trend was also observed for HA/gelatin
composite foams (Kim et al., 2005). As the amount of HA increased,
the water absorption of the HA/gelatin foams decreased from
1010% to 751%. This was attributed to the decrease in the porosity
and the more compact structure of the higher HA-content foams
and to the lower water absorption ability of HA powder compared
to gelatin.

It has been reported that Zeolite A microspheres with parti-
cle sizes of ~700 wm only absorb about 290 mg of water per g of
absorbent (Liang, Jie, & Zeng, 2012). The high water adsorption of
the Zel/Chi monoliths in Fig. 4 is due to their high porosities and
the high water uptake ability of chitosan. The ordered structure of
the monoliths combined with their high water adsorption abilities
should make it convenient for the diffusion of molecules or ions,
which is beneficial for chemical reactions and the adsorption of
metal ions.

3.1.1. Drug release in vitro from the porous Zel/Chi monoliths

The release profiles of cefalexin from the Zel/Chi monoliths
are shown in Fig. 5. For all the Zel/Chi monoliths, the release
of cefalexin is rapid at the beginning, then it slows and finally
reaches a constant. Fig. 5A shows that the total release percentage
of cefalexin from the Zel/Chi monoliths decreased as the concen-
tration of Zel/Chi solution used to prepare the porous monoliths
increased. A high concentration of Zel/Chi, the drug is deeply cov-
ered by the materials, so the release rate is reduced.
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The release patterns of the Zel/Chi monoliths prepared from
different Zel/Chi ratios were also investigated (Fig. 5B). When the
relative content of Zel in Zel/Chi was increased the cefalexin release
rate accelerated, but the cumulative release decreased. The Zel/Chi
monoliths with high Chi content have a high water uptake ability,
so their corresponding cefalexin releasing rate should be higher
than the Zel/Chi monoliths with lower Chi content. However, the
experimental results are just the opposite. The Chi may seal the
Zel nanopores and block the diffusion of the cefalexin molecules

10.0kV X100 100um WD 7.9mm

o et

WD 7.9mm

through the monolith. So the porous Zel/Chi monolith with a higher
Chi content has a lower releasing rate. However, a low Zel content
resulted in weak cephalexin adsorption and in the end the material
has a high cumulative release.

The release patterns of cefalexin from the Zel/Chi monoliths in
solutions with different pH values are showed in Fig. S1. As shown
in Fig. S1, cefalexin release in pH 2. was faster than those in pH 4.5
and 6.5. At low pH, the NH3 groups become protonated to NHs*. The
electron positive groups repel each other, resulting in high swelling

LEI 10.0kv X100 100pum WD 7.9mm

10.0kv X100

100um WD 7.9mm

NONE 100kv X100 100um WD 7.9mm

Fig. 1. The SEM images of porous Zel/Chi monoliths made from different proportions of Zel/Chi; cross-sections ((a)-(e)) and vertical sections ((A)-(E)). F is the magnified
photos of C. Zel/Chi ratio: ((a) and (A) 1:1, ((b) and (B)) 3:1, ((c) and (C)) 5:1, ((d) (D)) 7:1, ((e) and (E)) 9:1.
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Fig. 1. (Continued ).

of Zel/Chi monoliths in acid medium compared with their swelling
in neutral medium. So the dissolution and diffusion of drug are fast
in low pH. Similar phenomenon was also found in matrix tablets
made of chitosan and triptolide (Huanbutt, Cheewatanakornkool,
Terada, Nunthanid, & Sriamornsak, 2013).

Zeolite has been used as a carrier for the controlled release of
drugs. Guo et al. compared the release processes of gentamicin in
Gent-ZSM-5 and Gent-HAPs (Guo, Long, Song, & Zhu, 2014). They
found that the Gent-HAPs initially displayed a burst-release with
more than 90% of the loaded gentamicin released in the first 6 h.
In contrast Gent-ZSM-5 exhibited a slow and sustained release of
gentamicin. The effective drug release time was more than 6 days
(60.2%), which is close to the time needed for prophylactic use
of antibiotics in postoperative treatment. Zhai (2012) investigated
the release of cefalexin from the pores of SBA-15. Cefalexin was
quickly released within 1-5h and the cumulative release reached
50% at 5h. After 15-20h, the sustained release speed of cefalexin
decreased.

Sustained and controlled release of gentamicin from chitosan
films has been studied for application as a wound dressing film
(Campos, Rawls, Innocentini-Mei, & Satsangi, 2009). It was found
that the gentamicin cumulative release changed from 18% to 67%
at 14 days and was dependent on the degree of chitosan crosslink-
ing and the initial gentamicin concentration. Gentamicin loaded
PCL (poly(e-caprolactone)) scaffolds have also been fabricated by
a freeze drying method (Sezer, Arslantunali, Aksoy, Hasirci, &
Hasirci, 2014). The total drug-release amounts were found to be
approximately 67%, 74%, and 87% of the total loaded drug content
after 216 h for PCL-103/G (10 wt% gentamicin-loaded-TCP-gelatin
microsphere), PCL-30[3/G, and PCL-500/G, respectively. The release
rate of cefalexin from the Zel/Chi monoliths is obviously higher
than that of gentamicin from the chitosan films. The unidirec-
tional porous structure of the Zel/Chi monoliths may be the
reason for the high release rate of cefalexin. In addition, if the
Zel/Chi monoliths are used as implants, ordered porous struc-
ture is important for the cell culture, exchanging nutrients and
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metabolized cell products, as well as diffusion of metal ions for
adsorption.

Hemorrhaging is still a leading cause of death after trauma,
especially for those with infectious complications. Treatment with
hemostatic materials is a common way to deal with bleeding. Some
hemostatics have been developed to arrest massive bleeding, such
as HemCon (a chitosan dressing) and QuikClot (a zeolite powder)
both of which are routinely used on battlefields because of their
efficiency in reducing or stopping bleeding (Wedmore, McManus,
Pusateri, & Holcomb, 2006; Rhee et al., 2008; Ward et al., 2007).
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Zeolite is biocompatible and has a uniform nanoporous structure
that absorbs water. When applied to a bleeding surface, it can
quickly absorb water molecules from the blood and facilitate the
formation of a crust layer of platelets and blood proteins and, thus,
stops the bleeding. A chitosan dressing can adhere to a wound on
contact with blood, and attracts red blood cells to form a clot after
a certain time. Cefalexin loaded porous Zel/Chi monoliths could
not only make full use of the above characteristics of chitosan and
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Fig. 6. Adsorption of metal ions by the porous Zel/Chi monoliths concentration of
metal ions: 50 mg/L, Zel/Chi=1:1.
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zeolite to create a potential hemostatic material like QuikClot and
HemCon, but could also reduce infections. In addition, the water
uptake results indicate that the Zel/Chi monoliths should have a
huge adsorption capacity for blood, which will be studied in the
future.

3.1.2. Adsorption of metal ions by the porous Zel/Chi monoliths

Porous materials are often used to adsorb metal ions because

they have large surface areas. Heavy metal exposure is a grow-
ing health problem worldwide. Various commercial naturopathic
and homeopathic remedies are used to remove harmful metals
from people that have been exposed to heavy metals such as
N-acetylcysteine, glutathione, selenocysteine, zinc, charcoal, zeo-
lite, EDTA, and alginate. Sangvanich et al. (2014) developed an
oral treatment for heavy metal poisoning based on thiol-modified
nanoporous silica. It has a very high affinity for Pb%* and Cd?* and
is superior to sorbents with carboxylic acid or phosphonic acid
ligands and to commercially available metal chelating sorbents.

The ability of the Zel/Chi porous monoliths (Zel/Chi=1:2) to

adsorb Cu?* and Pb2* jons over time was investigated and the
results are shown in Fig. 6. The adsorption efficiency increased
rapidly initially and then the adsorption rate slowed and finally
reached a maximum. The time to reach the maximum for the Pb2*
ions was shorter than that for the Cu?* ions, but the adsorption
maximum for Pb2* was lower than that for Cu?*.

Fig. 7A shows the adsorption of Cu?* and Pb2* ions by the Zel/Chi

monoliths prepared with different Zel/Chi ratios. The adsorption

Absorbance

1 n 1 1 n 1
400 450 500 550

Wavelength (nm)

1 n 1 n
300 350 600

663
2+
Cu 7 7
80 - D w po?* B
7

60
C)
)
E 4l
(¢}

20 +

0
25 50 100 150
C (mglL)

with different Zel/Chi ratios (A) and in different metal ion concentrations (B).

capacity for Cu2* jons increased as the Zel/Chi ratio decreased. The
adsorption capacity for Pb2* jons also increased with decreasing
Zel/Chi ratio but more slowly. The adsorption maxima were 85
and 60 mg/g for Cu?* and Pb?*, respectively. Zeolite 4A prepared
from coal fly ash has been reported to remove heavy metal ions
in wastewater with a maximum adsorption capacity of 40.1 mg/g
for Cu2* ions (Hui et al., 2005). A maximum adsorption capacity of
0.207 mmol/g (42.8 mg/g) for Pb2* by natural Mongolian zeolite has
also been reported (Batjargal, Yang, Kim, & Baek, 2011).

The effect of the initial concentration of metal ion (20, 50, 100
and 150 mg/L) on the adsorption ability of the porous Zel/Chi mono-
liths (Zel/Chi=1:1) was also investigated and the results are shown
in Fig. 7B. For both PbZ* and Cu2*, the adsorption capacity of the
Zel/Chi monoliths increased when the metal ions concentration
increased. This is the normal trend for the adsorption of metal ions
or organics by adsorbents. At high metal ion concentrations, more
ions are adsorbed by the Zel/Chi monoliths, resulting in an increase
in the adsorption capacity. However, the growth trend will stop
due to saturation effects when the initial concentration of metal
ions increases to a certain value.

Fig. S2a shows the adsorption of Cu?* and Pb?* ions by the
Zel/Chi monoliths at different pH values. The effect of pH is obvi-
ous and the similar results were also reported (Hasan, Ghosh,
Viswanath, & Boddu, 2008; Laus, Costa, Szpoganicz, & Favere, 2010).
The Q increased as the pH increased and reached a maximum
at pH 6. At lower pH values, the H* ions in solution compete
with Cu?* (Pb%*) for adsorption, which leads to reduced Cu2*
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Fig. 8. UV-vis absorption spectra for the reduction of 4-NP by NaBH, in the presence of Cu@Zel/Chi (a) and recyclability of Cu@Zel/Chi (b).
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adsorption. In addition, at low pH, the NH3 groups become pro-
tonated to NH3*. These NH3* cations not only do not chelate with
Cu?*, but also induce electrostatic repulsions with the Cu2* ions in
solution. This prevents the Cu?* ions from approaching to and coor-
dination with the Chi macromolecules. When the pH was above 7.0,
Cu(OH); formed. The results in Fig. S2b demonstrates that the effect
of temperature on the Q is unobvious.

Cellulose acetate/zeolite (CA/Z) composite fibers have been used
as an adsorbent for removing Cu?* and Ni2* metal ions from aque-
ous solutions (Ji et al., 2012). The maximum theoretical adsorption
capacity of the CA/Z fibers for Cu2* was 28.57 mg/g. Zel/Chi beads
showed adsorption capacities of less than 52 mg/g for Cu2* ions
(Wan Ngaha et al., 2013), which is lower than that of the Zel/Chi
monoliths. The high metal ions adsorption by Zel/Chi monoliths
is attributed to the ordered porous structure. The above results
indicate that the porous Zel/Chi monoliths have a high adsorption
capacity for metal ions. So they may be useful for oral treat-
ment for heavy metal poisoning if they are molded to porous
microspheres.

Nitrophenolic compounds are the most common organic pollut-
antin agricultural and industrial waste waters, and it is necessary to
establish methods to convert 4-NP to 4-AP under mild conditions.
Here, the Zel/Chi monoliths with adsorbed Cu?* ions (Cu@Zel/Chi)
were used to catalyze the reduction of 4-NP to 4-AP. When the
reduction of 4-NP started, the absorption intensity at 400 nm grad-
ually decreased with a concurrent increase in a new absorption
peak at 300 nm. This is due to the formation of 4-AP. So UV-vis
absorption spectra provide an easy way to trace the reduction pro-
cess.

As shown in Fig. 8a, after the Cu@Zel/Chi was added to the reac-
tants, the absorption intensity at 400 nm decreased rapidly with
time, and the reduction reaction was complete in about 75s. The
calculated rate constant (K) is 6.38 x 10~2 s~! which is a fast reac-
tion rate compared with those of other Cu-based catalysts. For
example Cu nanoparticles encapsulated in 4G PAMAM-OH den-
drimers have a K value of 2.43 x 10~2 s~ (Nemanashi & Meijboom,
2013). Cu nanoparticles inside poly(2-acrylamido-2-methyl-1-
propansulfonic acid) hydrogel networks were used in the reduction
of 4-nitrophenol and had a K value of 1.72 x 10~3 s~1(Sahiner &
Ozay, 2012). The high reaction rate for the Cu@Zel/Chi is probably
due to good diffusion of the reactants through the porous catalyst
system.

The recyclability of the Cu@Zel/Chi was also tested and as the
results in Fig. 8b show, the Cu@Zel/Chi was successfully reused for
six successive cycles and the reaction was still complete within
2 min. Thus the Cu@Zel/Chi monoliths show good catalytic activity
and recyclability. So Zel/Chi monoliths can effectively adsorb Cu?*
ions which can then be used to turn a toxic waste material into a
useful catalyst.

4. Conclusions

Ordered porous zeolite/chitosan (Zel/Chi) monoliths and
cephalexin-loaded Zel/Chi monoliths were prepared by a uni-
directional freeze-drying method. The release rates of the
cefalexin-loaded Zel/Chi monoliths depended on the composition
and porous structure of the monoliths. The adsorption capacity
of the Zel/Chi monoliths for metal ions depended on the adsorb-
ing time, the Zel/Chi ratio and the metal ion concentration. For
Cu?*, the maximum adsorption was 89 mg/g. The Zel/Chi mono-
liths with adsorbed Cu?* ions efficiently catalyzed the reduction of
4-nitrophenol to 4-aminophenol. The porous monoliths are bio-
compatible and reusable, which means they could be used as
scaffolds in tissue engineering and as sorbents to remove heavy
metal ions from body of people and water.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
2014.09.018.
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