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The effect of chitosan membrane morphology on copper ion adsorption was investigated in this work.
Dense and macroporous chitosan membranes with various polymer concentrations and silica to chi-
tosan ratios were prepared. The membrane surfaces and cross-section morphologies were characterized
by SEM and AFM, and the porosity of macroporous membranes was measured relative to dense mem-
branes. Adsorption experiments were performed in batch processes; also sorption isotherms and kinetics
dsorption
hitosan
opper
orphology

orosity
oughness

were studied. Increasing the polymer concentration during membrane preparation resulted in increased
copper adsorption. Increasing the silica to chitosan ratio resulted in greater membrane porosity and sur-
face roughness, which made more amino groups accessible and therefore increased copper sorption. The
membrane with the greatest porosity and membrane roughness could adsorb copper in the amount of
5.9 mg/g, the highest amount achieved at an initial copper concentration of 125 ppm. Due to its enhanced
roughness, the membrane with a 3/1 silica to chitosan ratio had an active surface area that was nearly

se m
doubled compared to den

. Introduction

Heavy metal contamination exists in aqueous waste streams of
any industries, such as metal plating, mining operations, elec-

roplating and the pharmaceutical industry. The soil surrounding
hese sites is also polluted and can contaminate groundwater and
urface water. Heavy metals are not biodegradable and tend to
ccumulate in living organisms, causing various diseases and disor-
ers [1–4]. Copper pollution is of particular concern. While copper
lays an essential role in animal metabolism, it is toxic at high con-
entrations, with effects including vomiting, cramps, convulsions
nd even death [5].

Treatment processes for metal contaminated waste
treams include chemical precipitation, membrane processes,
everse-osmosis, ion exchange, carbon adsorption and co-
recipitation/adsorption. Adsorption is one of the few techniques
hat can remove even trace quantities of metal ions from water.
iosorption is also cost-effective due to a high availability of

iosorbent materials in nature and from certain industrial waste
treams, and their ability to be easily regenerated.

Chitosan is a biopolymer produced by alkaline N-deacetylation
f chitin, widely found in the exoskeletons of shellfish and crus-
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taceans. The growing need for new sources of low-cost adsorbent,
the increased problems of waste disposal, the increasing cost of syn-
thetic resins and finally high ability of chitosan for metal sorption,
undoubtedly make chitosan one of the most attractive materials for
wastewater treatment [6]. Chitosan has amine and hydroxyl func-
tional groups that are involved in adsorption. Both nitrogen and
oxygen atoms have a lone pair or lone pairs of electrons that can
bind a proton or a metal ion through an electron pair sharing to
form a complex. Because of the stronger attraction of the lone pair
of electrons to the nucleus in an oxygen atom than in a nitrogen
atom, the nitrogen atoms would have a greater tendency to donate
the lone pair of electrons for sharing with a metal ion to form a metal
complex than the oxygen atoms. Amine groups are thus responsi-
ble for the uptake of metal cations by a chelation mechanism as
follows [7,8]:

R-NH2 + H+ → R-NH3
+ (1)

R-NH2 + Cu2+ → R-NH2Cu2+ (2)

R-NH3
+ + Cu2+ → R-NH2Cu2+ + H+ (3)

Chitosan can be used as a sorbent in adsorption columns or

in membrane processes. The use of adsorption columns for water
decontamination is limited due to high capital and energy costs
as well as unfavorable hydrodynamic properties. Therefore, mem-
brane processes have attracted greater attention and are known to
be more appropriate for the removal of metal ions.

dx.doi.org/10.1016/j.cej.2010.08.051
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mshariat@ut.ac.ir
mailto:azadeh_ghaee@yahoo.com
dx.doi.org/10.1016/j.cej.2010.08.051
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Nomenclature

A cross-sectional area of the surface (nm2)
a length of the side of the top surface (mm)
b length of the side of the top surface (mm)
C0 initial concentration of metal ion in the liquid phase

(mg/L)
Ceq equilibrium concentration of metal ion in the liquid

phase (mg/L)
k1 rate constant of pseudo-first order sorption (1/min)
k2 rate constant of pseudo-second order sorption

(g mg−1 min−1)
KF Freundlich isotherm constant (mg1−1/n g−1 L1/n)
KL Langmuir isotherm constant (L/g)
m amount of chitosan membrane (g)
Mi–j membrane with polymer concentration of i and sil-

ica to chitosan ratio of j
n Freundlich isotherm constant
N number of experimental data
q adsorption amount (mg/g)
qcal calculated sorption amount by applied isotherm

(mg/g)
qe sorption amount at equilibrium (mg/g)
qexp experimental adsorption amount (mg/g)
qm maximum adsorption capacity (mg/g)
qt sorption amount at time t (mg/g)
Sa average roughness (nm)
Sq root mean square (rms) roughness (nm)
Sdq root mean square gradient
Sdr developed interfacial area ratio (%)
Sz average height of the five highest local maximums

plus the average height of the five lowest local min-
imums (nm)

t time (min)
V volume of the solution (L)
Vm membrane volume
z membrane thickness (mm)
Z(x,y) height function of the area (nm)
�MP macroporous membrane density (g/L)

m
b
c
c

a
d
fl
m
t
t
l
[
c
w
s
i
c
w
o
c

pared to other salts [7,17]. Therefore, copper solutions were
�D dense membrane density (g/L)

Most of the studies dedicated to metal ion sorption on chitosan
embranes focus on equilibrium models to investigate sorption

ehaviour [9–11]. In some studies, influences of metal type, metal
oncentration, temperature and pH on the metal sorption are also
onsidered [9–19].

Most of these studies concentrate on dense membranes for
pplications other than metal removal, such as drug delivery. These
ense membranes have low porosity, which limits diffusion and
ux in a continuous process. To increase the porosity of chitosan
embranes, porogens such as NaCl or silica gel can be added to

he casting solution. After membrane preparation, differences in
he solubility of porogens compared to chitosan in some agents
ike water or sodium hydroxide allow the porogen to be dissolved
16,20–24]. Beppu et al. [16] examined the effect of porosity (cal-
ulated by water sorption) in chitosan membranes functionalized
ith histidine and found out that membranes with higher porosity

howed increased capacities of Cu(II) adsorption. Chao et al. [21]
nvestigated the effects of pore size, porosity and crystallinity of

hitosan membranes on adsorption of dye and copper ions from
aste water. They observed that porosity have strong direct effects

n adsorption rate but the effect of membrane morphology was not
onsidered.
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In addition to porosity, a membrane’s adsorption potential is
dependent on its morphology and roughness – these parameters
determine the active surface area for adsorption. Knowledge of how
these parameters are controlled during membrane formation is
necessary in order to make improvements to membrane properties
[25]. Zeng and Ruckenstein [24] and Santos et al. [20] investigated
surface and cross-section morphology by SEM, but the effect of
chitosan membrane morphology on metal adsorption was not stud-
ied. The present study investigates the effects of porogen on the
porosity, morphology, and roughness of chitosan membranes, and
evaluates the impact of these parameters on copper ion adsorption.

2. Material and methods

2.1. Materials

Chitosan having a deacetylation degree of 90% was pur-
chased from Chitotech. All other chemicals (glutaraldehyde, acetic
acid, sodium hydroxide, cupric sulfate) were of analytical grade
used without further purification. Chromatography silica gels
(15–40 �m) were obtained from Merck. The solutions were pre-
pared using distilled water.

2.2. Membrane preparation

Membranes were prepared by dissolving chitosan at final con-
centrations of 3%, 4.5%, or 6% (w/w) in 10% aqueous acetic acid
solution.

For dense membrane preparation, the solution was poured onto
a flat polycarbonate surface following aeration. A proper membrane
thickness was formed by using a film applicator and the membranes
were dried at room temperature for 24 h. The membranes were
then immersed in an aqueous solution of sodium hydroxide (1 M)
for 24 h, and then washed with distilled water.

For macroporous membranes, chitosan solutions were mixed
with silica gel as the porogen at silica/chitosan weight ratios of
1/1 and 3/1. These ratios are selected from Zeng and Ruckenstein’s
research [24] to have higher flow rate and mechanical stability
in continuous processes. Membranes with the same thickness as
dense membranes were casted and dried at room temperature for
24 h. Then the membranes were immersed in an aqueous solution
of sodium hydroxide (1 M) for 24 h to dissolve silica particles and
finally the membranes were washed with distilled water [24].

2.2.1. Membrane crosslinking
Prior to dissolving chitosan in acidic media, it must be

crosslinked to prevent polymer degradation. Chitosan can be
crosslinked with bifunctional chemicals such as glutaraldehyde and
epichlorohydrin, which react (through Schiff’s base reaction) [9,17].

Natural chitosan membranes were heterogeneously crosslinked
by 0.25% (w/w) aqueous glutaraldehyde solution. This value was
selected from Hsien et al.’s research [26]. 3.0 g of wet chitosan
membrane was immersed in 50 mL of glutaraldehyde solution (the
molar ratio of glutaraldehyde to chitosan is 50) at a temperature
of 25 ◦C for 30 min, followed by washing with distilled water to
remove the unreacted glutaraldehyde residues. At the final stage
the membranes were dried with filter paper.

2.3. Adsorption experiments

Chitosan has stronger ability to adsorb Cu2+ from CuSO4 com-
prepared by dissolving hydrated copper sulfate (CuSO4·5H2O) in
water to a concentration of 125 ppm. Batch adsorption experiments
were carried out by soaking 2 cm × 3 cm (wet base) of crosslinked
chitosan membrane in 50 mL of copper solution over 24 h at 20 ◦C
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plane. A value of 100% means that the area is double that of the flat
surface.

Sdr = Texture surface area − Cross-sectional area
Cross-sectional area

(11)
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ith magnetic stirring, followed by the measurement of copper
oncentration in the solution using a flame atomic absorption
pectrophotometer. This adsorption period is sufficient to reach
dsorption equilibrium as shown later by kinetic experiments.

The amount of adsorbate in solid phase (q (mg/g)) is calculated
y the following expression:

= (C0 − Ceq) × V

m
(4)

here C0 and Ceq are the initial and equilibrium concentrations of
etal ion in the liquid phase (mg/L), respectively, V is the volume

f the solution (L) and m is the amount of chitosan membrane (g).
Adsorption isotherms illustrate the adsorbate distribution

etween the solid and liquid phase and are obtained by varying
xperimental parameters such as the initial concentration of metal.
dsorption isotherms were obtained using initial metal concentra-

ions of 62.5, 125, 250, 500, 1000 mg/L for dense and macroporous
hitosan membrane prepared from the dope with a polymer con-
entration of 6%.

Adsorption kinetic studies were performed for chitosan mem-
ranes (prepared from the dope with polymer concentration of 6%)
ith an initial copper concentration of 250 ppm.

.4. Membrane reuse

The use of chitosan for metal recovery can be limited by the
ost of the polymer compared to other waste materials, so the recy-
ling of adsorbent is an important step in process design. Dense and
acroporous chitosan membranes (2 cm × 3 cm) were immersed to

0 mL of copper solution with initial concentration of 250 ppm at
H 5, 20 ◦C and 150 rpm stirring rate for 24 h, followed by wash-

ng with distilled water to remove any unadsorbed metal. The
embranes were then kept in 30 mL of 10−4 M EDTA solution

nder stirring for 24 h, to regenerate the membrane by remov-
ng the adsorbed metal. (This set of the first adsorption/desorption
rocedure is called the first cycle.) Second and third cycles were
erformed with the membrane used in the foregoing cycle. Pro-
edures in these cycles were the same as first one. The copper
oncentration in solution was measured by atomic absorption spec-
rometry.

Metal desorption percentage for each cycle was calculated using
he following expression:

esorption% = amount of metal desorbed
amount of metal adsorbed

× 100 (5)

.5. Characterization

.5.1. ATR-FTIR
ATR-FTIR analysis (Bruker, EQUINOX 55) was used to char-

cterize the surface chemistry of membranes made of natural,
rosslinked and macroporous chitosan membrane before and after
dsorption.

.5.2. Membrane thickness and porosity
Relative membrane porosity was measured by comparing the

ensity of a macroporous membrane to that of a dense membrane
repared from the same chitosan solution. Porosity of the macrop-
rous membrane was calculated by the following equation [27]:

embrane porosity =
(

1 − �MP

�

)
× 100 (6)
D

here �MP and �D are macroporous and dense membrane den-
ities, respectively. �MP was calculated by the relation between
he macroporous membrane dry weight (W) and volume (V). The

acroporous membrane dry weight was obtained by drying pro-
g Journal 165 (2010) 46–55

cedures in oven until constant weight. The volume of membrane
(Vm) was calculated by following equation:

Vm = a × b × z (7)

where a and b are the length of the sides of the top surface (mm) and
z is the membrane thickness (mm) which was measured by SEM.
�D was obtained by the same method, replacing the macroporous
membrane by the dense membrane. Five samples were used for
each dense and porous membrane used in this research.

2.5.3. Scanning electron microscopy – energy dispersive X-ray
spectroscopy

For cross-section analysis, membranes were fractured in liquid
nitrogen before their surfaces (including the fractured cross-
sections) were covered with a thin layer of gold using a sputter
coater (SCDOOS – Baltec, Switzerland). The cross-sections were
then observed with a scanning electron microscope (SEM) coupled
with an energy dispersive X-ray spectroscopy (EDX), (XL30-Philips-
Netherlands).

2.5.4. Atomic force microscopy
Top and bottom surface morphology of dense and macroporous

membranes (with polymer concentration of 6%) were characterized
with AFM (Dualscope/Rasterscope C26, DME, Denmark) in noncon-
tact mode. Various roughness parameters can be measured by AFM.
Some of these are reported in this work; the definitions of these
parameters are as follows [28,29]:

Sz is the average height of the five highest local maximums plus
the average height of the five lowest local minimums.

Sa is the average roughness evaluated over the complete surface
and defined as:

Sa =
∫ ∫

a

|Z(x, y)| · dx · dy (8)

where Z is the height function of the area.
Sq is the root mean square (rms) roughness expressed as follows:

Sq =
√∫∫

a

|Z(x, y)|2 · dx · dy (9)

The average surface roughness and root mean square roughness
data indicate significant deviations in texture characteristics.

Sdq (root mean square gradient) defines the slope for each point
of area excluding points on the edge and is calculated as follows:

Sdq =

√√√√1
A

∫ lx

0

∫ ly

0

((
∂Z(x, y)

∂x

)2

+
(

∂Z(x, y)
∂y

)2
)

· dx · dy

(10)

where A is the cross-sectional area.
Sdr (developed interfacial area ratio) is the increase in surface

area in relation to a flat surface covering the same area in the X/Y
2.5.5. Atomic absorption experiments
The concentrations of metal ions were measured using a flame

atomic absorption spectrophotometer (Varian AA 240). All reported
copper concentrations are the mean value of three replicates.
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Table 1
Thickness and porosity of prepared membranes.

Mi–j Thickness (�m) Porosity (%)

M3–0 89.473
M3–1 121.052 8.05
M3–3 210.526 32.74
M4.5–0 123.684
M4.5–1 178.947 11.23
M4.5–3 400 40.12
M6–0 163.150

to chitosan ratio). Porosity is not reported for the membranes Mi–0
since they are dense membranes and by definition porosity is sup-
Fig. 1. ATR-FTIR spectra of different chitosan membranes.

. Results and discussion

.1. ATR-FTIR

During crosslinking using glutaraldehyde, amine groups of
hitosan are converted into azomethine (C N). Fig. 1 shows a
eduction in the amine absorption at 1049 cm−1 and an increase
n the imine absorption at 1440 cm−1 following the crosslinking
tep. This observation confirms that crosslinking occurred in the
embrane. An increase in absorption at 1695 cm−1 is due to free

ldehyde.
After preparation of the macroporous membrane, it is possible
hat a small amount of silica gel would remain in the membrane.
owever, a peak corresponding to silica was not observed in the

pectra.

Fig. 2. (a) Top surface, (b) bottom surface and (c) cro
M6–1 289.473 17.68
M6–3 440 43.52

Comparing the spectra of the macroporous membrane before
(macroporous chitosan membrane) and after Cu2+ adsorption
(macroporous chitosan membrane–Cu), absorption peaks at
1151 cm−1 and 1440 cm−1 that correspond to stretching C–N
and bending N–H are either weakened or totally vanished after
Cu2+ adsorption. Therefore, these functional groups are con-
sidered to be involved in the metal adsorption, which further
indicates that nitrogen atoms are the main adsorption sites for
metal ions attachment [30,31]. Instead, a new absorption band
appeared at 1600–1625 cm−1 considered as characteristic peak of
chitosan–metal complex [31].

3.2. Thickness and porosity of membranes

Table 1 shows the thickness and porosity of the prepared mem-
branes, Mi–j (where i is the polymer concentration and j is the silica
posed to be zero (see Eq. (6)). In membranes with the same polymer
concentration, thickness and porosity increase when the silica to
chitosan ratio is increased. With a constant silica to chitosan ratio,

ss-section of M3–0 with 250× magnification.
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Fig. 3. (a) Top surface, (b) bottom surface and (c) cross-section of M3–1 with 250× magnification.

Fig. 4. (a) Top surface, (b) bottom surface and (c) cross-section of M3–3 with 250× magnification.
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Table 2
Surface roughness parameters of membranes.

Mi–j Sz (nm) Sa (nm) Sq (nm) Sdq Sdr (%)

M6–0 top 20.3 1.99 2.58 0.035 0.062
M6–0 bottom 49.3 7.14 8.92 0.054 0.150
M6–1 top 67 7.32 9.21 0.088 0.380
Fig. 5. Cross-section of M6–0 with 250× magnification.

hickness and porosity increase with increasing polymer concen-
ration.

.3. SEM–EDX analysis

The SEM images of the top and bottom surfaces and the cross-
ection of the membranes are given in Figs. 2–7.
.3.1. The effect of polymer concentration
Comparing Figs. 2c and 5 show that the thickness of the dense

embrane increased with an increase in polymer concentration.
he same trend was observed for macroporous membranes.

Fig. 6. Cross-section of M6–1 with 250× magnification.

Fig. 7. Cross-section of M6–3 with 1
M6–1 bottom 89.3 12.50 16.20 0.180 1.530
M6–3 top 609 139 187 0.710 21.900
M6–3 bottom 1880 145 286 1.310 66.500

3.3.2. The effect of silica to chitosan ratio
Figs. 2–4 show the SEM images of M3–j membranes where j

increased progressively from 0 to 3. In the M3–0 membrane, both
the top (Fig. 2a) and bottom (Fig. 2b) surfaces are dense. The cross-
sectional image (Fig. 2c) also shows a dense structure. In the M3–1
membrane, the top surface (Fig. 3a) is dense while the bottom sur-
face (Fig. 3b) is porous. The cross-sectional image (Fig. 3c) also
shows the transition from the dense top to the porous bottom.
Thus, this membrane has an asymmetric structure similar to the
observation by Santos et al. [20]. Finally, the M3–3 membrane has
a porous structure throughout, from the top to the bottom of the
membrane (Fig. 4a–c). For membranes M6–j, the increase in j pro-
duced the same progressive change from dense to asymmetric to
macroporous structure (Figs. 5–7).

3.3.3. Cu2+ adsorption to the membrane surface
Fig. 8a and b shows the SEM images of the top and the bot-

tom surface of M6–3 membrane before Cu2+ adsorption, and Fig. 8c
and d shows the same surfaces after Cu2+ adsorption. Star-shaped
structures were formed after Cu2+ adsorption, with fewer but larger
stars at the top surface. The presence of copper in the star-shaped
structure was confirmed by the EDX spectra shown in Fig. 9. From
the intensity of the copper peak, the weight percent of copper was
determined to be 26.94% at the top surface and 45.14% at the bot-
tom surface. The smaller number of star-shaped structures and the
lower copper content at the top surface indicate that fewer adsorp-
tion sites are available at the top surface. The peak corresponding
to Au is from the gold coating used for SEM characterization.

3.4. AFM analysis

Figs. 10 and 11 illustrate three-dimensional topography images
of M6–0 top and bottom surface and M6–1 top surface. The digital
data are summarized in Table 2 as roughness parameters. The mag-

nitude of the roughness parameter depends on its definition, but
some common features are observed in all the reported parameters.

(1) For all M6–j membranes, the roughness parameter of the bot-
tom surface is greater than that of the top surface. This is

00× and 250× magnifications.
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surface and (d) bottom surface of M6–3 after adsorption with 7500× magnification.

(
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t
9
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Table 3
Copper adsorption amount of membranes after 24 h.

Mi–j Copper ion adsorption amount (mg/g)

M3–0 2.696
M3–1 2.716
M3–3 4.400
M4.5–0 2.735
M4.5–1 2.936
M4.5–3 5.257

T
T

Fig. 8. (a) Top surface and (b) bottom surface of M6–3 before adsorption. (c) Top

understandable for the M6–1 membrane that has an asymmet-
ric structure. But it is interesting that the same trend is observed
for the dense M6–0 membrane that is supposed to be “homo-
geneous” across the cross-section, and for the M6–3 membrane
that is macroporous across the cross-section.

2) The surface roughness increases as the silica content increases
from 0 to 3. This is in accordance with the increase in porosity
caused by the increased silica content.

The last column of Table 2 shows Sdr that indicates the percent

ncrease in the effective surface area of adsorption as compared to
he nominal surface area. Notably, the M6–3 membrane, which has
he highest roughness parameter, shows a gain of approximately
0% in the effective surface area when the top and bottom surfaces
re combined.

able 4
he Freundlich and Langmuir constants for copper–chitosan adsorption.

Freundlich model

Mi–j KF (mg1−1/n g−1 L1/n) n

M6–0 0.864 4.629
M6–1 0.832 4.311
M6–3 0.831 4.444

Langmuir model

Mi–j KL (L/g) aL (mg/L)

M6–0 0.053 0.0030
M6–1 0.107 0.0041
M6–3 0.390 0.0083

a Standard deviation

⎛
⎝STD = 100 ×

√√√√ 1
N

N∑
i=1

(qexp−qcal)
2

qexp

⎞
⎠ [32].
M6–0 3.040
M6–1 3.402
M6–3 5.900
3.5. Copper adsorption on chitosan membranes

Table 3 lists the amounts of copper adsorbed on different mem-
branes at C0 = 125 ppm. Higher adsorption amounts are associated

R2 STDa

0.988 2.64
0.984 2.81
0.941 3.20

qm (mg/g) R2 STDa

17.660 0.762 4.33
26.097 0.947 3.65
46.980 0.972 3.49
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nous and the forces of interaction between adsorbed molecules are
ig. 9. EDX spectra of M6–3 after adsorption: (a) upper layer and (b) lower layer.

ith higher polymer concentrations in the casting solution. The
dsorbed amounts of copper also increase when the silica to chi-
osan ratio is raised from 0/1 to 3/1. This higher ratio results in
reater porosity (Table 1) and roughness (e.g. Table 2 for M6–j
embranes), making more amino groups available for chelation
ith copper ions.

Fig. 12 plots copper adsorption amount versus equilibrium con-
entrations for M6–0, M6–1 and M6–3 membranes. The amount
f copper adsorbed increases as the concentration of copper in
he solution increases, and greater adsorption is observed for

embranes with higher silica to chitosan ratios. The correlation

f equilibrium data by Freundlich and Langmuir equations was
nvestigated and the associated parameters and their standard
eviations are reported in Table 4. The equations are as follows
33]:
Fig. 10. 3D topography image of (a) top and (b) bottom surface of M6–0.

Freundlich model:

q = KF C1/n
eq (12)

where KF (mg1−1/n g−1 L1/n) and n are the Freundlich isotherm con-
stants; q and Ceq are adsorption amount and metal concentration at
equilibrium. This equation is derived by assuming a heterogeneous
surface with the nonuniform distribution of the heat of adsorption
over the surface.

Langmuir model:

Ceq

q
= 1

KL qm
+ Ceq

qm
(13)

where qm (mg/g) and KL (L/mg) are the maximum adsorption capac-
ity and the Langmuir isotherm constant; q and Ceq are adsorption
amount and metal concentration at equilibrium. This equation
assumes that the surface of the pores of adsorbent is homoge-
negligible.
The Freundlich model shows a better fit to the adsorption data.

Also it can be observed that M6–3 has a maximum adsorption
capacity of 46.98 mg/g. Transition metals are mainly adsorbed via
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Table 5
The pseudo-first and second order kinetic parameters for copper–chitosan
adsorption.

Pseudo-first order model

Mi–j k1 qe (mg/g) R2 STD

M6–0 0.0023 1.84 0.975 3.54
M6–1 0.0023 1.82 0.906 4.51
M6–3 0.0018 1.75 0.975 3.06

Pseudo-second order model

Mi–j k2 (g mg−1 min−1) qe (mg/g) R2 STD
Fig. 11. 3D topography image of top surface of M6–1.

oordination with the NH2 groups on chitosan. Verbych et al.
eported that about 20% of the amino group of chitosan is proto-
ated even at pH 6.9 and the reactions in Eqs. (1) and (2) compete
uring adsorption [34].

Muzzareli et al. investigated the chelation of Cu2+ with chitosan
embranes by ultraviolet, infra-red and electron spin resonance.

hey realized that the average number of amino groups bound to
ne heavy metal ion changes with solution pH. At pH 5 because
f the larger extent of protonated amino groups, about one to
wo amino groups bind with Cu2+. The number of amino groups
ound may increase up to two to three at pH 5–6. At pH 6–8, three
mino groups and one hydroxyl group would bind with one Cu2+

34].
Experiments revealed that the pH becomes always larger after

dsorption [35]. The zeta potential (�) of the biopolymer varies
rom positive to negative as the pH increases. The dependence of
ackground electrolyte concentration and counter ions present in

olution on zeta potential is well known. It can be assumed that a
igh concentration of SO4

2− in the electrolyte causes adsorption of
hese anions by polymer and decreases the positive value of the �.
onsequently, chitosan possesses a negatively charged character-

ig. 12. Equilibrium copper ion adsorption amount (qe) for (�) M6–0, (�) M6–1, (�)
6–3 versus the equilibrium copper ion concentration (Ceq) in the solution.
M6–0 0.00047 6.32 0.991 2.19
M6–1 0.00084 7.72 0.992 1.43
M6–3 0.00120 10.2 0.997 1.27

istic and shows additional ability to increase its uptake capacity to
Cu2+ (electrostatic mechanism) [34].

The fact that Freundlich model fits better than Langmuir model
indicates that monolayer biosorption as well as heterogeneous
surface conditions may coexist under the applied experimental
conditions. Therefore, the adsorption behaviour of copper ions
is complex and it involves more than one mechanism including
chelation and electrostatic adsorption. This has been observed by
different researches [12,17,35–38].

Kinetic data indicate that 24 h (1440 min) of adsorption time is
sufficient to reach the adsorption equilibrium. To investigate the
mechanism of sorption kinetics, models have been used to test
experimental data. The pseudo-first and second order kinetic mod-
els [9] have been developed to fit experimental adsorption kinetic
results.

The pseudo-first order equation of Lagergren is expressed as
follows:

log(qe − qt) = log(qe) − k1

2.303
t (14)

where qe and qt are the sorption amount (mg/g) at equilibrium and
at time t (min), respectively and k1 is the rate constant of pseudo-
first order sorption (1/min).

The pseudo-second order equation is expressed as follows:

t

qt
= 1

k2q2
e

+ 1
qe

t (15)

where qe and qt are the sorption amount (mg/g) at equilibrium and
at time t (min), respectively and k2 is the rate constant of pseudo-
second order sorption (g mg−1 min−1).

The constants are presented in Table 5. It is obvious that the
adsorption of copper ions onto membranes fits well with the
pseudo-second order kinetic model and chemisorption is the rate
limiting step. As previously explained the copper adsorption mech-
anism is the combination of chelation and electrostatic adsorption.
From the kinetic data it can be found out that the chelation is
dominant. The pseudo-first and second order kinetic models have
been the most widely tested models for the sorption of copper ions
from wastewater [9,21,39–42]. Most of the fit for pseudo-first order
model are moderate to poor. In these literatures the pseudo-second
order model for chitosan–copper ion systems provide an exception-
ally high degree of correlation between the model results and the
experimental data (Table 6).

3.6. Membrane reuse
Table 4 showed the experimental results on the amount of
copper ions adsorbed and the percentage of desorption in three
cycles. It was observed that the adsorption capacities of cop-
per ions decreased slightly after each cycle. The results indicated



A. Ghaee et al. / Chemical Engineering Journal 165 (2010) 46–55 55

Table 6
Chitosan membranes regeneration during adsorption/desorption cycles.

Cycle 1 Cycle 2 Cycle 3

Uptake (mg/g) Desorption percent (%) Uptake (mg/g) Desorption percent (%) Uptake (mg/g) Desorption percent (%)
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M6–0 4.60 77.35 3.74
M6–1 6.96 81.02 5.93
M6–3 9.82 85.18 8.57

hat the chitosan membranes can be recovered for consecutive
ses.

. Conclusions

Dense and porous chitosan membranes were prepared for cop-
er ion adsorption. Since adsorption experiments were carried out

n batch processes, the external surfaces and their functional groups
ere extensively exposed to copper ions and so these surfaces
layed a more important role than the inner parts. By increas-

ng polymer concentration, more amine groups were available for
helation and as a result copper adsorption increased. Increas-
ng the silica to chitosan ratio of the membrane leads to higher
orosity and roughness, as measured by AFM. High porosity and
onsequently higher roughness of prepared membranes resulted
n a greater surface area, which also lead to increased copper
dsorption. A silica to chitosan ratio of 1/1 produced asymmetric
embranes; further increase of the ratio to 3/1 leads to approx-

mately symmetric membrane as observed by SEM. While both
mine group availability and its amount contributed to better ion
dsorption, the availability of amine functional groups had a more
ronounced effect.
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18] W. Kamiński, Z. Modrzejewska, Separation of Cr(VI) on chitosan membranes,
Ind. Eng. Chem. Res. 38 (1999) 4946–4950.
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