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Adsorption kinetics of Cu(II) ions using N,O-carboxymethyl-chitosan
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Abstract

A series of N,O-carboxymethyl-chitosan (N,O-CMC) with different degree of substitution (DS) were prepared by using chitosan (CTS) and
monochloroacetic acid under various conditions. The adsorption properties of N,O-CMC were evaluated. The results revealed that N,O-CMC is
suitable for adsorbent to removal Cu(II) ion. The parameters for the adsorption of Cu(II) ions by N,O-CMC were also determined. It was shown
that the samples of N,O-CMC had given good correlation with Langmuir’s isotherm model and that the adsorption kinetics of Cu(II) could be best
described by the pseudo-second-order model. It was also observed that the adsorption capacity seemed to be dependent on pH value in solution, the
DS of samples and ionic strength. Furthermore, the maximum adsorption capacity of the monolayer was 162.5 mg of Cu(II) per gram of polymer
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ith DS of 0.96. FTIR and X-ray photoelectron spectroscopy revealed that Cu(II) ions and N,O-CMC formed a chelate complex.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The effluents of industrial wastewaters often contain consid-
rable amounts of toxic and polluting heavy metals. Toxic metals
ons in trace quantities are difficult to remove from aqueous
olution. Adsorption is the promising alternatives for such situ-
tions, especially using low-cost adsorbents like clay material,
gricultural wastes and seafood processing wastes. Biosorption
r sorption to material of biological origin is recognized as an
merging technique for the treatment of wastewater containing
eavy metals [1].

Chitosan (CTS) has been reported for the high potentials of
dsorption metal ions [2–7], principally due to the presence of
ydroxyl and amine groups that can serve as chelating sites and
an be chemically modified in the polymer. The modification of
he polymer surface through the introduction of new complexa-
ion groups may result in the formation of different chelates, so
ncreasing its adsorption capacity and selectivity toward metal
ons in solution [8–10].

Generally, a partial N-acetylation or chemical modification
s required. Various studies were conducted to make deriva-

tives of CTS by chemical modification techniques, such as
PEG-grafting, sulfonation, quaternarization [11], N- and O-
hydroxylation and carboxymethylation-chitosan [12]. Among
the derivatives, carboxymethyl-chitosan (CMC) is an amphipro-
tic ether derivatives, which contains hydroxyl ( OH), carboxyl
( COOH) and amine ( NH2) groups in the molecule, and makes
it possible to offer enough chelate groups for increasing adsorp-
tion capacity toward metal ions. The adsorption properties of
N- and O-CMC have previously been reported in the literature
[13–16]. However, the reports about the adsorption ability of
N,O-CMC for metal ions are scarce, and its adsorption mecha-
nism has not been reported up to now.

Copper may be found as a contaminant in food, especially
shellfish, liver, mushrooms, nuts and chocolate. Briefly, any pro-
cessing or container using copper material may contaminate the
product such as food, water or drink [17]. Excessive intake of
copper results in an accumulation in the liver. It is also toxic to
aquatic organisms even at very small concentrations in natural
water.

The aim of this study was to prepare N,O-CMC and inves-
tigate the adsorption ability and the adsorption mechanism of
∗ Corresponding author. Tel.: +86 931 4968118; fax: +86 931 8277088.
E-mail address: aqwang@lzb.ac.cn (A. Wang).

N,O-CMC toward copper ion in aqueous medium. The influence
of various experimental conditions on the adsorption capacity of
N,O-CMC for copper ions such as degree of substitution (DS),
pH value and the ionic strength were investigated, and the mech-
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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anism of Cu(II) adsorption was analyzed by X-ray photoelectron
spectroscopy and several kinetic models. This information will
be useful for further applications of system design in the treat-
ment of practical waste effluents.

2. Experimental

2.1. Materials

CTS with 40 mesh, 90% degree of deacetylation (DD)
and molecular weight of 6 × 105 was used as received.
Monochloroacetic acid, ethanol, acetic acid, sodium hydrox-
ide, hydrochloric acid, copper sulfate, ammonium chloride and
sodium chloride used in the experiment were of analytical.

2.2. Synthesis of N,O-CMC

N,O-CMC was prepared by the method of Chen and Park
[18]. CTS (2.00 g) was dipped into a 20 wt.% sodium hydroxide
solution (20.00 mL) for 12 h, and separated by filtration. The
treated CTS was added to 15.00 mL of anhydrous alcohol in a
three-necked flask by stirring for 30 min at room temperature,
then monochloroacetic acid (1.43 g), with dissolving in anhy-
drous alcohol (10.00 mL), was added into the reaction mixture
solution and stirred for additional 30 min. Then the flask was
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rial differential coefficient figure could be gained. The mutation
point in this figure was sodium hydroxide volume at the end of
titration. The following formulas were used to calculate the total
DS and the content of dissociative amido of the sample:

total DS = (V2 − V1) × C × molar weight of chitosan residue

1000W

−NH2 (%)

= (V3 − V2) × C × molar weight of chitosan residue

1000W

molar weight of chitosan residue

= atomic weight of nitrogen/the average nitrogen content

where C is the concentration of sodium hydroxide standard
solution (mol/L). V1 the sodium hydroxide volume for titrat-
ing excessive hydrochloric acid (mL), and V2, V3 are the vol-
umes corresponding to titration terminal of COOH and NH3

+,
respectively. W is the weight of the sample (g).

2.4. Adsorption experiments

All batch experiments were performed on a THZ-98A ther-
mostated shaker with a shaking of 120 rpm, and were carried out
using N,O-CMC with DS of 0.96 as adsorbent (except the effect
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laced in oil bath with a certain temperature and heated for a
ertain time with stirring. Finally, the contents were poured into
50 mL beaker followed by the addition of acetic acid solution
ith stirring until pH value equaled 9.5. The precipitate was fil-

ered, washed with ethanol (70%) for three times and anhydrous
lcohol once, and then dried under vacuum. The products were
odium salt of N,O-CMC and the preparation conditions of the
amples with different DS are shown in Table 1.

.3. Measurement of DS

The DS value of each sample was estimated from Potentio-
etric titration [19,20]. The alkalimetric curves were recorded

n a Mettler Toledo 320 pH meter. Dry N,O-CMC (0.20 g) was
issolved in 20.00 mL of hydrochloric acid standard solution
0.1000 mol/L). Methyl orange indicator was added. A standard
olution of sodium hydroxide was used for titration. Sodium
ydroxide volume and pH value acted as horizontal coordinates
nd vertical coordinates, respectively. And the one or two facto-

able 1
reparation conditions of N,O-CMC samples with different DS

amples of N,O-CMC Reaction conditions

Basification
time (h)

Molar ratio of CTS to
monochloroacetic acid

S = 0.72 12 1:1.25
S = 0.88 12 1:1.25
S = 0.96 12 1:1.25
S = 1.06 12 1:1.25
S = 1.15 12 1:1.25
S = 1.25 12 1:1.25
f DS tests).
In the adsorption equilibrium experiments, 0.10 g of N,O-

MC and 25.00 mL of sulfate solution buffered at pH 5.0 con-
aining several concentrations of Cu(II) ions were used. The
ystem was maintained under shaking at 25 ◦C until adsorption
quilibrium was reached. The adsorption capacities of Cu(II)
ons were obtained from the initial, and the final concentration
f Cu(II) ion in the solution determined by atomic adsorption
pectrophotometer (WFX-ID) and the mass of adsorbent used.

Adsorption kinetics experiments were determined in a closed
ask containing 0.10 g of N,O-CMC and 25.00 mL of copper
ulfate solution (initial concentration 0.065 mol/L, pH 5.0) at
5 ◦C. During the kinetic experiments, aliquots samples were
ithdrawn at fixed time intervals, and the concentration of Cu(II)

ons in solution was measured.
These batch experiments of the effects of pH, the temper-

ture, the DS of N,O-CMC, and the ionic strength tests were
arried out in the 25.00 mL of sulfate solution (initial concen-
ration 0.065 mol/L, pH 5.0) shaking for 24 h at 25 ◦C, which

Method of addition Reaction
temperature (◦C)

Reaction
time (h)

Dropwise 70 2
Dropwise 60 8
Dropwise 60 4
Batch 60 2
Batch 60 3
Batch 60 4
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were expected to provide information about the optimum con-
ditions to adsorb with Cu(II) ions. The process of pH effect test
was evaluated for Cu(II) ions in the range of pH 2.0–5.5 adjusted
with 0.1 mol/L H2SO4 or ammonia/ammonium chloride.

2.5. Characterization

Fourier transform infrared spectra (FTIR) were obtained with
a Perkin-Elmer FTIR 1600 series spectrometer and all samples
were prepared as potassium bromide pellets.

X-ray photoelectron spectroscopy spectra of N,O-CMC with
DS of 0.96 before and after copper(II) adsorption were recorded
by using an X-ray Photoelectron Spectrometer (VG Scientific
Escalab 210-UK) equipped with a twin anode (Mg K�/Al K�)
source. The samples were placed in a vacuum in the range 10−8

to 10−7 Pa and the analyzed sample area was Ø6 mm–Ø6 �m.
The scanning condition was as follows: 6.80 ms/step, 0.6 eV/step
and 6 sweeps.

The micrographs of CTS and N,O-CMC with DS of 0.96
were taken using SEM (JSM-5600LV, JEOL Ltd.). Before SEM
observation, samples of the composite were coated with gold.

3. Results and discussion

3.1. Characterization of N,O-CMC
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Fig. 2. SEM of CTS (a) and N,O-CMC with DS of 0.96 (b).

to the stretching vibration of the first and second OH group
weakened, which suggests that the OH group of CMC with

CH2COOH take place the reaction. The intensity of the band at
3425 cm−1 of the stretching vibration of NH2 group and OH
group decreased with increase the DS of N,O-CMC. The IR anal-
ysis results of the derivatives show that the characteristic group
(carboxyl group) exists in the product, and that CH2COOH
group has partly substituted the amino and hydroxyl of CTS.

3.1.2. SEM
The SEM observation of CTS and N,O-CMC is shown in

Fig. 2. On the SEM of CTS (Fig. 2a), the surface is smooth and
nonporous appears. While on the SEM of N,O-CMC (Fig. 2b),
the surface is microporous. This result also indicated that CTS
have been chemically modified.

3.2. Adsorption of N,O-CMC for Cu(II) ion

3.2.1. Adsorption isotherms
Generally, the adsorption capacity increases with the increase

of the concentration of metal ions in the aqueous phase [21].
In the present work, the same adsorption phenomenon was
observed when 0.005–0.09 mol/L of CuSO4 was used. The result
shown in Fig. 3 reveals that the N,O-CMC has a good adsorp-
.1.1. IR analysis of N,O-CMC
The IR spectra of CTS and N,O-CMC with different DS

re shown in Fig. 1. Fig. 1a shows the basic characteristics
f CTS at: 3425 cm−1 (O H stretching and N H stretch-
ng), 2919 cm−1 (C H stretching on methyl), 2879 cm−1 (C H
tretching in methylene), 1654 cm−1 (C O of NH C O
tretching), 1596 cm−1 (N H bending), 1085 and 1030 cm−1

C OH stretching). Comparing to Fig. 1a, the spectra of
,O-CMC show that a new absorption band near 1600 cm−1

ttributed to C O of COONa stretching, and shift to high
avenumber in the IR spectrum of Fig. 1b–d with the increasing
f the DS of N,O-CMC. Which indicates that the NH2 group
f CMC was involved in the reaction. The bands corresponding

ig. 1. IR spectra of CTS (a) and N,O-CMC with DS of 0.72 (b), 0.96 (c), 1.06
d).
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Fig. 3. Adsorption isotherm of N,O-CMC for Cu(II) ion.

tion capacity toward Cu(II). The sharp increase in capacity is
observed from 0.005 to 0.02 mol/L, which is a four-fold increase
in concentration, results in 34.1% increase in adsorption capac-
ity, and when Cu(II) ion concentration increases from 0.02 to
0.08 mol/L, which is also a four-fold increase in concentra-
tion, results in only 4.3% increase in adsorption capacity. These
results demonstrate that the formation of adsorption exists as
physical adsorption and chemical adsorption. The adsorption
is sensitive to the change under the low concentration of elec-
trolyte, which shows that the adsorption is dominated by the
electrostatic attraction (physical adsorption). Consequently, the
electrostatic attraction does play a primary role in the complex
formation between Cu(II) ions and N,O-CMC. In high concen-
tration, the adsorption is insensitive to the change, and N,O-CMC
displays an impressive ability to coordinate with Cu(II) ions and
to yield the insoluble complexes, which indicates that the adsorp-
tion is dominated by the chelation. It can be seen that the high
adsorption capacity of N,O-CMC with Cu(II) ion is in the range
0.06–0.08 mol/L.

From the analysis of isotherm, the value of the adsorption
capacities, the concentration of Cu(II) ions, and the mathemat-
ical equation of isotherm were placed in a linear form more
suitable for determination of adsorption parameters. The equa-
tion, which gave the best fit for the experimental isotherm data
was the Langmuir model:

w
c
Q

c

i

Fig. 4. Linearization of Langmuir adsorption isotherm.

this equation corresponds to the 1/Q0 and the intercept repre-
sents the 1/Q0b. The value for the Q0 was 2.54 mmol of Cu/g
of N,O-CMC with DS of 0.96 (162.5 mg/g) and a Langmuir
contant b of 2.03 × 10−3 g/mmol, which is same as the experi-
mental data (2.52 mmol/g). This result was higher than that of
CTS-HL obtained by Justi et al. (1.72 mmol/g) [21]. Chang and
Chen reported that the maximum adsorption capacity for cop-
per of Monodisperse chitosan-bound Fe3O4 nanoparticles was
just 0.34 mmol/g [22]. In comparison of N,O-CMC, some of the
previous studies [1,23,24] had shown that the maximum adsorp-
tion capacities for copper were lower. Therefore, the N,O-CMC
improved the adsorption capacity for Cu(II) ions of the chemical
modified CTS.

3.2.2. Adsorption kinetics
Fig. 5 shows the relationship between the adsorption time

and adsorption capacities of N,O-CMC for copper ions. Within
C

Q
= C

Q0 + b

Q0 (1)

here Q is the adsorption capacity at equilibrium, C the con-
entration of Cu(II) ions in the aqueous phase at equilibrium,
0 the saturation adsorption and b is the Langmuir constant.
The linearization of the equation is shown in Fig. 4. The linear

urve obtained resulted in the following equation:

C

Q
= 0.3936C + 0.0008 (2)

This equation suggests that the Langmuir model is reasonable
n interpreting the experimental data. The angular coefficient of
 Fig. 5. Adsorption kinetics of N,O-CMC for Cu(II) ion.
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5 h at 25 ◦C, the adsorption capacity increases rapidly at the
early stage of the reaction, whereas from 5 to 22 h of reaction,
a slight increase in the adsorption capacity is noted. Obviously,
the adsorption capacity reaches equilibrium is observed beyond
22 h. As a result, the adsorption time of 22 h is optimal.

In order to evaluate the mechanism of the adsorption kinet-
ics, the pseudo-first-order, pseudo-second-order and intraparti-
cle diffusion models were tested to interpret the experimental
data. The pseudo-first-order kinetic model of Chiou and Li [25]
is given as:

log(Qeq − Qt) = log Qeq − k1t

2.303
(3)

The pseudo-second-order equation [26] may be expressed as:

t

Qt

= 1

k2Qeq
2 + t

Qeq
(4)

The intraparticle diffusion rate [25] can be described as:

Qt = kit
1/2 (5)

where Qt is the adsorption capacity in time t (mmol/g), Qeq
the adsorption capacity at equilibrium (mmol/g) and k1, k2,
ki is the adsorption rate constant of pseudo-first-order (h−1),
pseudo-second-order (g/mmol/h), intraparticle diffusion rate
(mmol/g/h1/2), respectively. The validity of these models can
be interpreted by the linear plots of log(Qeq−Qt) versus t, (t/Qt)
versus t and Qt versus t1/2, respectively [27].

As seen from Fig. 6 a–c, the correlation coefficients (R)
given by the three kinetic models between the predicted and
the experimental values are 0.8072, 0.9997, 0.8226, respectively.
Obviously, the pseudo-second-order kinetic model, in contrast to
the pseudo-first-order and intrarparticle diffusion models, gives
a good correlation for the adsorption of Cu(II) ions on N,O-
CMC.
Fig. 6. Linearization of a
dsorption kinetics.
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Fig. 7. Effect of reaction temperature on adsorption capacity of N,O-CMC for
Cu(II) ion.

Kinetic studies on sorption of N,O-CMC for Cu(II) ions
by using the pseudo-second-order rate expression provided the
best fitting kinetic model. The mechanism indicates that the
adsorption rate of Cu(II) ions depends on the concentration
of ions at the adsorbent surface and the absorbance of these
adsorbed at equilibrium. The rate constant k2 determined is
0.8127 g/mmol/h.

3.2.3. Temperature effect
The influence of temperature on adsorption capacity of N,O-

CMC for Cu(II) ions is shown in Fig. 7. The adsorption capacity
of Cu(II) appears to decrease as the temperature is raised from
25 to 55 ◦C. It is found that the high temperature is to the
disadvantage of adsorption and that the adsorption is an exother-
mic reaction. This result is distinct from the work of Lin et al.
who pointed out that the adsorption of CMC for zinc ion was
endothermic reaction [28]. Furthermore, it should be noted that
excessively high temperature could result in solvent evaporation
or some desorption, which affect the content of Cu(II) ions in
solution.

3.2.4. Effect of pH value
Fig. 8 shows the relationship between the pH value in the

original solution and the adsorption capacity of Cu(II) ions. As
seen from Fig. 8, it is noteworthy that the adsorption capac-
i
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Fig. 8. Effect of pH on adsorption capacity of N,O-CMC for Cu(II) ion.

the adsorption site. As seen from Fig. 9, the adsorption capac-
ity increases with an increase of DS between 0.62 and 1.06.
At the point of 1.06, a maximum value of adsorption capacity
(2.73 mmol/g) is obtained. Between 1.06 and 1.25 the adsorp-
tion capacity decreases evidently. The non-linear phenomena
lead us to conclude that the adsorption site of N,O-CMC was
not only on COO− but also on the other groups with different
affinity, such as NH2 and OH. These groups have interaction
or synergistic action for Cu(II) adsorption.

3.2.6. Effect of ionic strength
Fig. 10 shows the relationship between the ionic strength

and adsorption capacities of N,O-CMC for Cu(II) ions. The
adsorption capacity decreases with increasing the amount of
NaCl, which means that the adsorption reaction of N,O-CMC
for Cu(II) was controlled by ionic strength. This is because of
ty of Cu(II) ions increases with the pH of the solution until a
aximum value of 5 and then decreases with an increase in pH

alue. At acidic pH, a decrease in the adsorption is attributed to
he increase in ionic strength of solution and to the protonation
f complexation sites. At alkaline pH, the Cu(II) ions in solution
an form precipitate of copper hydroxide, which decreases the
dsorption capacity.

.2.5. Effect of DS of N,O-CMC
The reactions of equivalent CuSO4 with N,O-CMC with dif-

erent DS in the same conditions were conducted for determining
 Fig. 9. Effect of DS on adsorption capacity of N,O-CMC for Cu(II) ion.
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Fig. 10. Effect of ionic strength on adsorption capacity of N,O-CMC for Cu(II)
ion.

two aspects. On the one hand, the affinity between N,O-CMC and
metal ions declined with increasing the amount of NaCl, which
causes the apparent adsorption velocity constant to decrease.
On the other hand, the affinity between NaCl and H2O (sol-
vent) enhances with the addition of NaCl, which lead to the
decrease of dielectric constant and ionic mobility. As a result,
the interaction between solute and solvent in adsorption system
and the adsorption rate decreases with the increasing the amount
of NaCl.

3.3. Adsorption mechanism of Cu(II) ions

3.3.1. IR analysis
The spectrum of N,O-CMC after copper(II) adsorption

(Fig. 11b) exhibits many alterations from that of N,O-CMC
before copper(II) adsorption (Fig. 11a). The major differences
are: the wide absorption band at 3419 cm−1, corresponding to
the stretching vibration of NH2 group and OH group, shifts
to the lower wave number (3398 cm−1). The absorption band

F

at 2920 cm−1, assigned to C H stretching vibration, shows
a significant shift to higher wave number (2930 cm−1). The
absorption band at 1604 cm−1, assigned to the stretching vibra-
tion of C O of COO-group, shifts to higher wave number
(1619 cm−1). Several new absorption bands are also observed in
the spectrum of Fig. 11b. The bands at 1122 and 605 cm−1 are
due to the stretching vibration of S O band [29]. New bands are
observed at 512 and 468 cm−1, which are assigned to stretch-
ing vibration of N–Cu and O–Cu. This results indicates that the

NH2, OH and COO−group of N,O-CMC was involved in
the adsorption process.

3.3.2. XPS
Fig. 12 shows the XPS spectra of C 1s, N 1s, O 1s, Cu 2p3/2

and S 2p of N,O-CMC before (Fig. 12a) and after (Fig. 12b)
copper(II) ions adsorption. The relative intensities of the N
1s spectrum and the C 1s spectrum of Fig. 12b are evidently
smaller than those of Fig. 12a, while the relative intensity of the
O 1s spectrum is almost same with that of N, O-CMC before
copper(II) adsorption. This is attributed to the adsorption of
Cu(II) ions and plentiful oxygen contained in the copper sul-
fate, which lead to the decrease of the contents of nitrogen and
carbon. At the same time, the new peaks of the Cu 2p3/2 and S
2p spectra are observed on N,O-CMC after copper(II) adsorp-
tion.
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ig. 11. IR spectra of N,O-CMC before (a) and after (b) copper(II) adsorption.
Table 2 shows the XPS spectra data of C 1s, O 1s, N 1s,
u 2p3/2 and S 2p of N,O-CMC before (a) and after (b) cop-
er(II) adsorption. Interestingly, the binding energy (BE) of

1s is the same for N,O-CMC before and after copper(II)
dsorption, while the BE of the C 1s decreases from 280.14
o 279.90 eV after absorbing Cu(II) ions by N,O-CMC. How-
ver, the BE of N 1s increases from 398.22 to 398.82 eV, while
he BE of O 1s decreases from 531.50 to 531.38 eV, and the
E of Cu 2p3/2 shifts from 935.76 eV, that of CuSO4·5H2O, to
32.46 eV, that of N, O-CMC after copper(II) adsorption. Evi-
ently, nitrogen atom provides electron pair, and copper atom,
xygen atom and carbon atom are inclined to accept the elec-
ron. This implies that the NH2 group and COOH group
re involved during the adsorption process. Furthermore, the
E of S 2p and O 1s decrease from 168.50, 532.50 to 168.20,
31.38 eV, respectively, which indicates that SO4

2− exists not as
ree ion but as ion pair in the complex. From these results, elec-
ron transfer exists among the copper atom, sulfur atom, oxygen
tom, carbon atom and nitrogen atom and the chemical bond
ormed among them, which provide evidence to the chelation
etween the N,O-CMC and Cu(II) ions during the adsorption
rocess.

able 2
PS data of N,O-CMC before (a) and after (b) copper(II) adsorption

ample Binding energy (eV)

Cu 2p3/2 O 1s N 1s C 1s C 1sa S 2p

– 531.50 398.22 285.00 280.14 –
932.46 531.38 398.82 285.00 279.90 168.20

uSO4·5H2O 935.76 532.50 – – – 168.50
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Fig. 12. XPS spectra of C 1s, N 1s, O 1s, Cu 2p3/2 and S 2p on N,O-CMC before (a) and after (b) copper(II) adsorption.

4. Conclusions

The characterization studies showed that the N,O-CMC was
synthesized by CTS reaction with monochloroacetic. The results
show that the Cu(II) ion adsorption process is dependent on pH,
DS of N,O-CMC, temperature and ionic strength, and that the
isotherm which best fits the adsorption data was the Langmuir
monolayer model, and that the kinetics mechanism follows a
pseudo-second-order model. FTIR and XPS studies revealed
that Cu(II) ions coordinate to N,O-CMC and form the chela-
tion complex. Furthermore, the maximum adsorption capacity
of the monolayer for Cu(II) was 162.5 mg/g. Finally, this new
material shows significant adsorption capacity for Cu(II) ion and

can therefore be used as an alternative-adsorbing agent in static
and dynamic separation processes.
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