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a b s t r a c t

The aim of this study was to investigate the selectivity of chitosan for cadmium, copper and lead in the
presence and absence of natural organic matter (NOM) in different pH solutions.

Adsorption isotherms of one and three adsorbates at initial concentration of 5–100 mg/L were carried
out in batch reactors at pH 4, 5, or 7 and 25 ◦C in reactive and clarified water. The chitosan employed had
a MW of 107.8 × 103 g/mol and degree of acetylation (DA) of 33.7%.

The chitosan adsorption capacity at pH 4 in reactive water was 0.036, 0.016, 0.010 mmol/g for Pb2+,
Cd2+, and Cu2+, respectively, and it decreased for Pb2+ and Cd2+ in clarified water. Conversely, experiments
orption
etals

electivity

carried out in clarified water showed that the cadmium adsorption capacity of chitosan was enhanced
about three times by the presence of NOM at pH 7: an adsorption mechanism was proposed. Furthermore,
it was found that the biosorbent selectivity, in both reactive and clarified water at pH 4, was as follows
Cu2+ > Cd2+ > Pb2+.

Finally, the preliminary desorption experiments of Cd2+ conducted at pH 2 and 3 reported 68 and 44.8%
of metal desorbed, which indicated that the adsorption mechanism occurred by electrostatic interactions
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and covalent bonds.

. Introduction

Discharges of effluents containing toxic compounds, even in low
oncentrations, have caused the pollution of soils, phreatic mantles,
nd water bearing stratum, deep aquifers, as well as continental
nd coastal waters. Wastewaters from mining, galvanoplastic, and
oundry industries mainly contain heavy metals such as cadmium,
hromium, copper, mercury, nickel, zinc, and lead. Cadmium and
ead, specially, are heavy metals considered highly toxic due to the
ffects they cause to human health [1].

The processes currently used to remove these pollutants
rom water are chemical precipitation, oxidation–reduction, elec-
rochemical deposition, filtering, ion exchange and adsorption.
dsorption is the most employed process because of its low cost
nd acceptable efficiency [2].
Chitin, poly-N-acetylglucosamine, is a natural polymer found
n several sources such as crustaceans and fungal cell walls. Chi-
osan, poly d-glucosamine, is the deacetylated form of chitin that
as a great variety of applications including biochemistry, phar-

∗ Corresponding author.
E-mail address: rene@ipicyt.edu.mx (J.R. Rangel-Mendez).
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acy, medicine, agricultural, as well as wastewater treatment
3].

Chitosan is a basic polymer, a feature given to it by the amino
nd hydroxyl groups present in its structure. Chitosan, being a
ase, forms salts with acids and originates polyelectrolytes with
solubility that is a function of the nature of the anion involved,
eacetylation degree, polymer molecular weight, and temperature.

On the other hand, it is well known that the natural organic mat-
er (NOM) consists of long molecules with a high molecular weight
ue to its functional groups, which contain carboxylics, phenolics,
arbonyls and hydroxyls that may be connected to aliphatic or aro-
atic carbons [4]. The presence of these functional groups in the

rganic matter causes negative charges capable of forming com-
lexes with metal ions present in solution, and these complexes
ight affect negatively or positively the adsorption capacity [4].
gah and Musa [3] reported that the adsorption of organic matter
ver chitosan takes place in the amino groups forming coordinated
onds, but to our knowledge just a few studies have been conducted

o understand the roll of NOM in the removal and selectivity of

etal ions (such as cadmium, copper, and lead) by this biosorbent.
or instance, Yan and Bai [5] studied the adsorption capacity of lead
nto chitosan hydrogels beads and reported that amine groups in
hitosan were found to play the major role in the adsorption of lead

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rene@ipicyt.edu.mx
dx.doi.org/10.1016/j.jhazmat.2008.05.073
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ons or humic acids (HA), and when these two were simultaneously
dsorbed their removal was significantly lower.

Therefore, the main objective of this research is to study the
hitosan selectivity for removing cadmium, copper and lead from
queous solutions in the presence and absence of NOM. In addition,
ased on the results, an adsorption mechanism is proposed.

. Materials and methods

.1. Materials

The biosorbent employed in this research was chitosan, which
as prepared from chitin purified from lactic acid fermentation of

hrimp heads (Litopenaeus sp.) according to a method reported by
ira et al. [6]. The chitin was used for the preparation of chitosan by
omogeneous deacetylation as it is described by Ramı́rez-Coutiño
t al. [7].

The clarified water used to study the NOM effect on the adsorp-
ion capacity was collected from a local water treatment plant, San
uis Potosi, Mexico (the physicochemical parameters are reported
n Table 1). The standard solutions containing the heavy met-
ls in study were prepared with Cd(NO3)2·4H2O, Pb(NO3)2, and
u(NO3)2·H2O analytical grade.

.2. Chitosan characterization

The degree of acetylation (DA) of chitosan was determined by
1 nuclear magnetic resonance spectroscopy (H1NMR), the spec-

ra were recorded on a Bruker AC 200 spectrometer (200 MHz for
H). Chitosan samples were dissolved in a buffer of acetic acid
0.2 M)/ammonium acetate (0.15 M) and the average molecular
eight (MW) was determined using a capillary viscometer. The
arameters of Mark–Houwink–Kuhn–Sakurada employed were
= 0.85 and K = 1.38 × 10−5 L/g [8]. The DA of 33.7% and MW of

07.8 × 103 g/mol were determined by the methodology described
bove.

Chitosan was characterized by scanning electronic microscopy
SEM), infrared spectroscopy (IR), energy dispersive X-ray (EDX),
nd total organic carbon (TOC).

.3. Chitosan solubility

The effect of pH on the chitosan solubility was determined

n the following manner. Approximately 200 mg of chitosan was
laced inside a Nylon mesh bag (150 �m aperture size). Then,
hese bags were introduced in an Erlenmeyer flask that contained
00 mL of reactive water previously set to a pH from 2 to 9 with
.1N solution of HNO3 or NaOH. The experiments were kept in

able 1
nalysis of clarified water

arameter Value

H 6.51
onductivity (�S/cm) 196
a2+ (mequiv./L) 1.48
g2+ (mequiv./L) 0.37
a+ (mequiv./L) 0.1
+ (mequiv./L) 0.0
l− (mequiv./L) 0.27
O3

2− (mequiv./L) 0.0
CO3

− (mequiv./L) 0.62
O4

2− (mequiv./L) 0.58
OC (mg/L) 10.7
ardness 92.76 mg/L CaCO3

d, Pb and Cu <L.D.a

a L.D.: detection limited.
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onstant agitation for 24 h at 25 ◦C. After this period of time, the
ags were removed from the flasks and dried in a stove at 90 ◦C
or 12 h. Finally, the remnant total weight of each of the bags
as obtained and the percentage of dissolved chitosan was com-
uted.

.4. Adsorption equilibrium data

The adsorption isotherms were carried out in a batch adsorber. A
olution containing the metal and a mass of chitosan was added to
n Erlenmeyer flask which served as an experimental batch adsor-
er. Next, the flask was submerged in a constant temperature bath,
nd through a magnetic bar cover with Teflon the solution in the
ask was kept in constant agitation. The solution pH of these exper-

ments was adjusted daily by adding HNO3 or NaOH 0.1N until this
as constant.

The adsorption isotherms were obtained under the following
rocedure: 250 mL of an aqueous solution of known metal concen-
ration (0.018–0.178 mmol/L) and 0.25 g of chitosan were placed
nside the batch adsorber. The chitosan mass was placed in a bag

ade of Teflon mesh before introducing it into the batch adsorber.
he solution and chitosan were constantly stirred until equilibrium
as reached: this occurred when the solution pH was constant and

he concentration of two consecutive samples was the same. The
amples were filtered by a 0.2-�m PTFE filter before the analy-
is.

The metal concentration was determined (average of four
easurements) by flame Atomic Absorption Spectrophotometry

Analyst 400) and the amount of adsorbate removed by chitosan
as calculated by a mass balance.

.5. Desorption equilibrium data

The reversibility of the adsorption process was studied by con-
ucting desorption experiments. Once the adsorption equilibrium
as attained, the bag containing the chitosan was removed and

insed with reactive water, set at the same pH as the solution
sed in the adsorption experiment, to remove metal residues
hat remained in the chitosan. Subsequently, the bag with chi-
osan was placed in reactive water previously set at pH 2 and 3.
he solution pH was maintained constant by adding aliquots of
.1N HNO3, and the experiment was constantly stirred for 48 h.
inally, the metal concentration was determined as described pre-
iously.

. Results and discussion

.1. Chitosan morphology

The chitosan morphology is observed in Fig. 1. It can be seen that
he chitosan surface has a membrane aspect and does not present
orosity, which indicates that it is likely not to have diffusion prob-

ems and thus the sorption process could be fast.

.2. Effect of pH on chitosan solubility

Displayed in Fig. 2 are the experimental data of the chitosan sol-
bility in HNO3. It is observed that at pH 2 the solubility is 11.86%
nd this diminishes as the pH of the solution increased, obtain-

ng the minimum solubility at pH 6 (2.3%). The solubility increased
gain at pH values higher than 7, 5.6%, remaining constant at pH
and 9. At a pH between 2 and 3, the chitosan acquired a gel

ppearance and was difficult to handle, therefore the adsorption
xperiments were carried out at a pH between 4 and 7. At these pH
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Fig. 1. Photomicrography of chitosan (augment 1200×).

alues, the chitosan solubility was 3.82 and 2.56%, respectively, and
emains in its original state as flakes.

.3. Characterization by infrared spectroscopy

Infrared analyses were done on chitosan samples before and
fter being in contact with Cd2+ solution. These studies provide
nformation regarding the functional groups and the bonds present
n the biopolymer [9,10]. Fig. 3 shows the infrared spectrum of chi-
osan: the band at 3490 cm−1 is due to the elongation of the N–H
nd O–H bonds, therefore, it can be assigned to several functional
roups present in the sample as RNH2 primary amines, R2HN sec-
ndary amines, and alcohols. The band at 2854 cm−1 is due the C–H
CH3, CH2) bond elongation, this band is characteristic of materials
ith saturated carbons or sp3. The band at 1660 cm−1 is charac-

eristic of the C O bond of an amide, which was expected, since
he chitosan was prepared from chitin by partial deacetylation. The
and at 1640 cm−1 is due to the flexion of the amine and amide
–H bond, plus the band observed at 1460 cm−1 is caused by the

ond flexion of methylene or groups of CH2. Also the band around
500 cm−1 is due to the N–H bond flexion. The band at 1427 cm−1

s due to the C–O–H bond flexion; this band generally appears very
lose to the CH2 bands. The presence of primary, secondary and
ertiary alcohols can be made out by means of the bands observed

Fig. 2. Solubility of chitosan at different pH values.
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ig. 3. IR spectrum of chitosan before and after being in contact with cadmium.
hitosan (dark line) and chitosan with cadmium (light line).

n the region from 1260 to 1000 cm−1. Finally a 1029 cm−1 band is
elated to the presence of a C–O elongation of a primary alcohol.

The differences between the IR spectra of chitosan before and
fter the cadmium was adsorbed can be observed in Fig. 3; similar
esults were obtained by Jin and Bai [10]. It is observed that the wide
and at 3490 cm−1 assigned to amines changed very much in inten-
ity. This is because the vibration of the N–H bond is modified while
orming a bond between the nitrogen (by its free pair of electrons)
nd the metal. Moreover the band at 1640 cm−1 also assigned to the
–H bond decreased considerably in intensity and was displaced to
590 cm−1. It can also be notice that the band at 1500 cm−1, related
o N–H, reduced its intensity and moved at a minor wave length.
here are several bands in the IR spectrum that neither present a
eduction in their intensity nor change position: this indicates that
he metal does not associate with the functional groups that gen-
rate these bands. Results from the IR spectrograph suggest that
coordination complex is formed between the chitosan and the
etal with the participation of the amino and secondary alcohol

unctional groups. Hence, the complexes formed should be similar
o the intermolecular complexes proposed by Debbaudt et al. [11],
ased on theoretical studies, where it is suggested that the metal
redominantly associates with NH2 and OH of secondary alcohols.
n the other hand, since no participation of CH2OH is observed it

s difficult to prove that the latter intermolecular complexes could
ccur. Nevertheless, these experimental results do not discard the
ossibility that this could happen in a small proportion.

.4. Adsorption isotherms of metal ions on chitosan

The experimental data of Cu2+, Cd2+ and Pb2+ adsorption
sotherms were fitted by the Langmuir and Freundlich models:

= qmKC

1 + KC
(1)

= KFC1/n (2)

here C is the metal concentration at equilibrium (mmol/L), q is the
mount adsorbed by chitosan (mmol/g), qm and K are the Langmuir
sotherm constants and KF and n are the Freundlich isotherm con-
tants. These constants were calculated by a least square method,
nd the average absolute percentage deviation (%D) was calculated

s follows:

D =
(

1
N

N∑
i=1

∣∣∣∣qexp − qpred

qexp

∣∣∣∣
)

× 100 (3)
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Table 2
Parameters of Langmuir isotherm

Adsorbate Dissolvent pH qmaxK (L/g) K (L/mmol) % Deviation Langmuir % Deviation Freundlich

Cd Reactive 4 0.158 0.01 6.1 5.9
Cd Clarified 4 0.055 0.30 15.4 19.9
Cd Reactive 4 0.027 −1.12 38.0 47.8
Cd Reactive 5 0.140 0.03 6.4 8.1
Cd Reactive 7 0.635 7.89 14.4 4.9
Cd Clarified 7 0.766 2.32 3.1 12.6
Pb Reactive 4 0.174 7.43 34.4 32.7
Pb Clarified 4 0.060 2.63 41.5 38.7
C 1
C 2
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3.7. Effect of natural organic matter in the adsorption capacity of
u Reactive 4 0.821
u Clarified 4 2.86

his table also includes the deviation percentage of the Freundlich isotherm model.

he results reported in Table 2 show that the %D varied from
.1 to 41% for the Langmuir isotherm and from 5 to 47% for Fre-
ndlich isotherm. Although the %D indicates that the Langmuir
odel best fit the experimental data, it is also clear that the Fre-

ndlich model could also be appropriated. Based on these findings,
t is important to emphasize that these two mathematical mod-
ls fit reasonably well the experimental data (in concentration up
o 0.7 mmol/L) and hence it is not possible to determine if the
hitosan surface is cover by a mono or multi molecular layer of
dsorbate.

.5. pH effect on the cadmium adsorption isotherm

Adsorption experiments involving one and three metals were
arried out to determine the chitosan adsorption capacity and its
electivity. These experiments were done in reactive and clarified
ater at different pH values.

Cadmium can react in solution with carbonates, phosphates,
xalates, arsenates, and cyanides depending on the pH of the solu-
ion, this element can also precipitate as hydroxide [12]. Cadmium
s mainly found as Cd2+ at pH ≤ 8, and from this value up to pH 9
d(OH)+ ions are formed. At pH > 9 Cd(OH)2

0 begins to form; at pH
0.6, 63% of the cadmium present is found as Cd(OH)2

0 and the rest
s present as Cd(OH)+ and Cd(OH)3

−; and at pH > 13 the Cd(OH)3
−

nions predominate [13].
Fig. 4 compares the Cd2+ adsorption capacity of chitosan at pH

, 5 and 7. It is observed that the maximum adsorption capacity
ccurs at pH 7, and this decreases as pH drops. The amount of

ig. 4. Effect of pH on the adsorption isotherm of Cd(II) on chitosan in reactive water
t 25 ◦C. The lines represent the Langmuir isotherm and the symbols the average
oncentration of replicates.

c

s

F
T
t

2.7 26.7 30.2
0.2 15.3 27.3

d2+ adsorbed at an equilibrium concentration of 0.36 mmol/L was
.058, 0.051 and 0.016 mmol/g at pH 7, 5 and 4, respectively, which
epresents a decrease of 72% when pH drops from 7 to 4.

.6. Chitosan selectivity for removing cadmium, lead, and copper

Chitosan selectivity for removing copper, lead, and cadmium
n reactive water is shown in Fig. 5. These experiments were
erformed at pH 4 where according to the oxidation–reduction
nd speciation diagrams, these three metals exist in a divalent
tate. In order to verify that Cd2+, Pb2+, and Cu2+ were present
s M2+ while in contact with chitosan, the oxidation–reduction
otential was measured in a solution at pH 4. The potential
ecorded for Cd2+, Pb2+, and Cu2+ was 242, 228, and 234 mV, respec-
ively, therefore according to the oxidation–reduction diagrams
14] these metals exist as Cd2+, Pb2+, and Cu2+ under these con-
itions.

This figure shows that for a concentration at equilibrium of
.1 mmol/L, the mass adsorbed is 0.036, 0.016 and 0.01 mmol/g for
u2+, Cd2+ and Pb2+, respectively, which indicates that the chitosan
electivity for removing heavy metals decreases in the following
rder: Cu2+ > Cd2+ > Pb2+.
opper, cadmium, and lead

When NOM is present in the adsorption of heavy metals, the
ystem becomes more complex. The interactions that may occur

ig. 5. Adsorption of different metals on chitosan in reactive water at pH 4 and 25 ◦C.
he lines represent the Langmuir isotherm and the symbols the average concentra-
ion of replicates.
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Fig. 6. Organic matter and metal adsorption m
etween the chitosan and the organic matter could be through
covalent bond since NOM contains functional groups of the

arboxylic acid type (see Fig. 6). This could take place by forming
mide bonds between the chitosan amino group and the carboxylic
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Fig. 7. Ionic structure of orga
nism on chitosan in a slightly acidic solution.
cid group of the NOM. This equilibrium takes place very easily
nder slightly acid as well as basic conditions [15]. This would gen-
rate a tertiary type of complex where chitosan, organic matter, and
etal ions participate.

nic matter in solution.
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l interactions with chitosan in water.
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Fig. 8. Organic matter and meta

Humic acids may be found in ionic form in aqueous solutions,
ince these produce a stabilized anion by resonance as shown in
ig. 7. Ionic type interactions could also exist between the organic
atter and chitosan in totally neutral aqueous suspensions (see

ig. 8). Moreover, in the particular case of NOM, comprised of aro-
atic and ionic groups, its complexation with chitosan is favorable

ue to the hydrophilic and hydrophobic effects [16].
The chitosan adsorption capacity for organic matter was deter-

ined by obtaining the total organic carbon in chitosan and
larified water before and after being in contact among them. The
OC analysis of chitosan, prior and after being in contact with clar-
fied water reported 86.6 and 90.7%, respectively: this represents
n increase of 4.1%. While the same analysis in the clarified water
eported 3% decrease in the TOC concentration after being in con-
act with chitosan: similar results were obtained by Ngah and Musa
3]. These results are in agreement with the mechanisms previously
roposed.

The effect of the organic matter in the adsorption process was
ssessed by determining the Cd2+ adsorption isotherm at pH 7

nd 25 ◦C, and the isotherms of Cu2+, Cd2+ and Pb2+ at pH 4 and
5 ◦C, both in clarified water. Fig. 9 shows the effect of the NOM in
he adsorption of Cd2+. It is observed that at an equilibrium con-
entration of 0.44 mmol/L, the amount adsorbed by chitosan in
eactive and clarified water was 0.06 and 0.18 mmol/g, respectively.

F
7
c

ig. 9. Effect of the organic matter in the adsorption capacity of Cd2+ on chitosan pH
and 25 ◦C. The lines represent the Langmuir isotherm and the symbols the average

oncentration of replicates.
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ig. 10. Adsorption isotherms of different metals on chitosan in clarified water at pH
and 25 ◦C. The lines represent the Langmuir isotherm and the symbols the average

oncentration of replicates.

hat is, the mass adsorbed of Cd2+ increased three times while the
OM was present in solution, which indicates that the presence of
rganic matter in solution enhanced the adsorption of cadmium as
roposed in Figs. 7 and 8.

This same behavior is observed in Fig. 10 that shows the adsorp-
ion isotherms of the three metal ions in clarified water. The
hitosan adsorption capacity for lead, cadmium, and copper was
.01, 0.016 and 0.036 mmol/L in reactive water and 0.005, 0.006
nd 0.1 mmol/g in clarified water, respectively. This means that the
dsorption capacity decreased 50 and 63% for lead and cadmium,
ccordingly, and it increased 177% for copper. This behavior can be
ue to the existence of competition between metal ions and organic
atter for active sites on chitosan, favoring adsorption of the most

elective ion. It should be mentioned that, since natural water was
sed, besides the metal ions added to the clarified water there were
ther cations present (Table 1) such as Ca2+, Mg2+, Na+ and K+ that
ould compete for active sites on the chitosan and hence intervene
n the removal of the metal ions studied herein.

.8. Cadmium desorption from chitosan

The reversibility of the Cd2+ adsorption process on chitosan was
tudied at different concentrations of adsorbate at pH 2 and 3 in
eactive water (see Table 3). The results showed a desorption of 68
nd 40% of cadmium at pH 2 and 3, respectively. This indicated that
he adsorption process is partially reversible and is likely to occur
y two processes: (i) electrostatic interactions (physisorption) and

ii) covalent bonds (chemisorption). Moreover, it is observed that
he desorption of Cd2+ is favored toward acid pH. The latest could
e attributed to the protonation of NH2 groups as described by the
echanism presented in Fig. 11.

able 3
mount of cadmium desorbed at different pH values

xperiment Mass adsorbed at
pH 7 (mmol/g)

Mass desorbed at
pH 2 (mmol/g)

Mass desorbed at
pH 3 (mmol/g)

0.015 0.008 0.006
0.028 0.013 0.008
0.042 0.025 0.014
0.047 0.038 0.021
0.071 0.057 0.032
0.100 0.082 0.043

xperiments a–f were conducted at different initial concentrations, constant pH,
nd 25 ◦C.
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ig. 11. Intermolecular complex of chitosan with metal cations in acidic solution.

.9. Adsorption mechanism

The IR studies performed on chitosan previously loaded with
admium indicated that the complexing main sites are the amines
nd secondary alcohol functional groups, since the nitrogen of the
mino group and the oxygen of the alcohol have a pair of electrons
hat can add themselves to a proton or a cation by coordinated
ovalent bonds. The attraction of the electrons pair by the atom
ucleus is stronger in the oxygen, and on the other hand nitrogen
as a greater tendency to donate its pair of electrons to a metal ion
o form a complex through a coordinated covalent bond [10]. This
akes us to propose that the complexes between metal ions (M2+)
nd chitosan are formed according to the mechanism illustrated in
ig. 12.

In this mechanism, the metal ions (M2+) with empty orbitals

unction as a Lewis acid capable of accepting electron pairs. In con-
rast, the NH2 and OH groups that have non-shared electron pairs
unction as Lewis bases donating their electrons pair.

This behavior depends on the solution pH. That is, if the adsorp-
ion system is in a neutral or slightly acid pH, the mechanism shown
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n with metal ions in a neutral or slightly acid pH.
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Fig. 12. Intermolecular complexes of chitosa

n Fig. 12 will predominate. Nevertheless, when the adsorption sys-
em is in an acidic environment there are several Lewis acid–base
ype reactions. This mechanism is shown in Fig. 13. In this mecha-
ism, there are acid–base type reactions between the amino group
nd the free orbital in the proton, but on the other hand the union
trength of a metal ion with the nitrogen electron pair is greater
han the strength of union of the complex formed between the
itrogen and the proton. Therefore, although in an acidic environ-
ent the amino group is found in a protonated form as RNH3

+, the
roton could be replaced by an ion exchange process with a metal

on M2+ [10]. This process is shown in Fig. 11.
The adsorption process of metal ions on chitosan is controlled by

he transport of these species in solution. Hence under acidic con-
itions the mobility of the adsorbate to the biosorbent surface is

nhibited because the amino group (RNH3
+) and the M2+ exhibit an

lectrostatic repulsion. This explains why metal adsorption capac-
ty diminishes as the solution pH decreases.

.10. Adsorption capacity comparison between chitosan and a
ommercially available activated carbon

Fig. 14 shows the Cd2+ adsorption isotherms on chitosan and
ranular activated carbon F-400 (Calgon Corporation) in reactive
nd clarified water at pH 7 and 25 ◦C. It is observed that the GAC
-400 has a slightly higher adsorption capacity than that reported
y chitosan: 0.059 and 0.054 mmol/g for the F-400 and chitosan,

espectively, at an equilibrium concentration of 0.36 mmol/L.

The effect of NOM on the adsorption capacity in both adsor-
ents was also studied. Fig. 14 points out that chitosan has a higher
dsorption capacity than the GAC F-400 in the presence of organic
atter. At a concentration in the equilibrium of 0.36 mmol/L the Fig. 13. Chitosan in acidic solution.
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ig. 14. Cadmium adsorption capacity between chitosan and GAC F-400 at pH 7
nd 25 ◦C. The lines represent the Langmuir isotherm and the symbols the average
oncentration of replicates.

dsorption capacity was 0.14 and 0.04 mmol/g for chitosan and GAC
-400, respectively. This means a 2.6 times increase in the chitosan
dsorption capacity and a 0.4 times decrease in adsorption capac-
ty for GAC F-400 in the presence of organic matter. This notable
ecrease in the adsorption capacity of F-400 can be attributed to
he obstruction of pores, which prevents the passage of metal ions
nside the adsorbent where most of the surface area is available to
equester these species.

. Conclusions

It is concluded that the chitosan used in this study is more solu-
le at 5 > pH > 7. Furthermore the cadmium adsorption capacity of
his biosorbent increases 3.6 times when the solution pH rises from
to 7. It was also found that the GAC F-400 has a slightly higher

dsorption capacity than chitosan at pH 7 and 25 ◦C in reactive
ater. However, when NOM is present it enhances the cadmium

dsorption capacity of chitosan about three times, on the contrary,

he adsorption capacity of commercial GAC F-400 drops about 60%.

It was observed that the chitosan selectivity for cadmium, cop-
er, and lead in both reactive and clarified water is as follows:
u2+ > Cd2+ > Pb2+. These three metals and NOM compete between
ach other for active sites on chitosan as illustrated in the mech-

[

[

dous Materials 162 (2009) 503–511 511

nisms proposed. In addition, the amount of cadmium desorbed
s function of the H+ concentration: about 68% of cadmium is
esorbed at pH 2, which suggests that the adsorption process
f this contaminant is conducted by both electrostatic attraction
physisorption) and covalent interactions (chemisorption).
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