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a b s t r a c t

The adsorption characteristics of Acid Orange 7(AO7) and Acid Orange 10 (AO10) from aqueous solutions
onto the ethylenediamine-modified magnetic chitosan nanoparticles (EMCN) have been investigated.
The EMCN were essentially monodispersed and had a main particle size distribution of 15–40 nm and
saturated magnetization of 25.6 emu/g. The adsorption experiments indicated that the maximum adsorp-
tion capacity occurred at pH 4.0 for AO7 and pH 3.0 for AO10, respectively. Due to the small diameter
eywords:
hitosan nanoparticles
agnetic

thylenediamine
dsorption
cid Orange 7

and the high surface reactivity, the adsorption equilibrium of AO7 and AO10 onto the EMCN reached
very quickly. Equilibrium experiments fitted well with the Langmuir isotherm model, and the maximum
adsorption capacity of the EMCN at 298 K was determined to be 3.47 mmol/g for AO7 and 2.25 mmol/g
for AO10, respectively. Thermodynamic parameters such as enthalpy change (�H◦), free energy change
(�G◦) and entropy change (�S◦) were estimated and the results indicated that the adsorption process
was spontaneous and exothermic. Furthermore, the EMCN could be regenerated through the desorption

4Cl so
cid Orange 10 of the dyes in NH4OH/NH

. Introduction

Most of dyes released during textiles, clothing, printing, and
yeing processes are considered as hazardous and toxic to some
rganisms and may cause allergic dermatitis, skin irritation, car-
inogenic and mutagenic to human and aquatic organisms [1].
owever, these dyes in wastewaters are difficult to remove,
ecause they have recalcitrant molecules (particularly azo dyes
ith an aromatic structure), are resistant to aerobic digestion, and

re stable to oxidizing agents. Several techniques are available for
he treatment of the dyes such as an electrochemical technique
estroying the colour groups [2], a bio-degradation process miner-
lising the colourless organic intermediates [3], chemical oxidation
ncluding homogeneous and heterogeneous photocatalytic oxida-
ion [4,5]. Among the many techniques of dye removal, adsorption
s the procedure of choice and gives the best results as it can be
sed to remove different types of dyes [6,7].
Adsorption of different dyes has been studied using low cost
dsorbents such as activated carbon [8], kaolin [9], montmorillonite
lay [10], waste red mud [11], Fullers earth and fired clay [12]. Cur-
ently chitosan is being greatly exploited because it is relatively

∗ Corresponding author at: Key Laboratory of Radioactive Geology and Explo-
ation Technology Fundamental Science for National Defense, East China Institute of
echnology, Fuzhou 344000, PR China. Tel.: +86 794 8829625; fax: +86 794 8258320.

E-mail address: minglzh@sohu.com (L. Zhou).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.10.012
lution (pH 10.0) and could be reused to adsorb the dyes again.
© 2010 Elsevier B.V. All rights reserved.

cheap and exhibit higher adsorption capacities [13,14]. Chitosan
is a cationic biopolymer obtained from alkaline N-deacetylation of
chitin, the second most abundant biopolymer in nature. Chitosan
exhibits a higher adsorption capacity and faster adsorption rate
of anionic dye pollutants than many conventional adsorbents due
to the presence of large amounts of amino (−NH2) groups [13].
In acidic solution, the amino groups of chitosan are easily proto-
nated and can bind anionic dye anions. Chitosan resins are highly
selective, efficient and easily regenerable relative to other adsor-
bent materials. The use of chitosan resins for the removal of dyes
from aqueous solutions was recently reported by several authors
[6,14–17].

Chitosan is usually needed to be cross-linked to improve its
chemical stability in acid media. Although the crosslinking method
may enhance the resistance of chitosan against acids, the process
may reduce its adsorption capacity of dyes, especially when the
crosslinking procedure involves in the reaction of amino groups,
which are expected to play a great part in the adsorption pro-
cess. In order to improve the adsorption capacity and selectivity
of dyes, a number of chitosan derivates have been obtained by
grafting functional groups such as acrylic and acrylamide [14],
poly(methylmethacrylate) [15], poly(alkyl methacrylate) [16], and

vinyl acetate [17] through a crosslinked chitosan back bone.

Most of the chitosan-based adsorbents were submicron to
micron-sized and need large internal porosities to ensure ade-
quate surface area for adsorption. However, the diffusion limitation
within the particles led to the decreases in the adsorption rate

dx.doi.org/10.1016/j.jhazmat.2010.10.012
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:minglzh@sohu.com
dx.doi.org/10.1016/j.jhazmat.2010.10.012
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Fig. 1. The structures of (a) Acid Oran

nd available capacity. Compared to the traditional micron-sized
upports used in separation process, nano-sized adsorbents pos-
ess quite good performance due to high specific surface area and
he absence of internal diffusion resistance [18,19]. However, the
ano-adsorbents could not be separated easily from aqueous solu-
ion by filtration or centrifugation. Magnetic nano-adsorbents can
e manipulated by an external magnetic field and hence facilitate
hase separation.

Several studies have indicated that –NH2 groups in chitosan are
he main sites for the adsorption of dyes containing D-SO3

− groups
hrough ionic interactions of the colored dye ions with the pro-
onated amino groups on the chitosan [6,13,14]. In this work, the

agnetic chitosan nanoparticles (MCN) were prepared and then
odified with ethylenediamine (EMCN) to increase the –NH2 active

roups and thus enhance the adsorption capacity for acid dyes. The
dsorption behaviour of the EMCN toward Acid Orange 7 and Acid
range 10 was studied. The equilibrium isotherms and thermody-
amic parameters were determined and discussed.

. Experimental

.1. Chemicals and reagents

Chitosan with 40 mesh, 90% degree of deacetylation and molec-
lar weight of 1.3 × 105 was purchased from Yuhuan Ocean
iology Company (Zhejiang, China). Glutaraldehyde, epichlorohy-
rine, ethylenediamine, Acid Orange 7 and Acid Orange 10 were
upplied by Aldrich and Sigma Chemical, and were used without
ny further purification. All the other reagents used in this work
ere of analytical grade. The structures of dye Acid Orange 7 and
cid Orange 10 are presented in Fig. 1, and the chemical character-

stics of them are listed in Table 1.

.2. Preparation and characterization of the adsorbents

The preparation of ethylenediamine-modified magnetic chi-
osan nanoparticles (EMCN) has been reported in our previous
ork [19]. The magnetic chitosan nanoparticles (MCN) were pre-
ared by adding the basic precipitant of NaOH solution into a W/O
icroemulsion system containing chitosan and ferrous salt. The
CN were then treated with epichlorohydrine and grafted with

thylenediamine to obtain the EMCN.
The dimension and morphology of the EMCN were observed

y transmission electron microscopy (TEM) (Hitachi, H-800). Mag-

etization measurements were preformed with VSM (Princeton
pplied Research, model-155). Thermalgravimetric analysis was
onducted on Shimadzu TGA-50H with heating rate of 10 K/min.
he concentration of the amine active sites in the obtained resins
as estimated using the volumetric method [20].

able 1
he chemical characteristics of the dyes.

Generic name Abbreviation Chromophore

C.I. Acid Orange 7 AO7 Monoazo
C.I. Acid Orange 10 AO10 Anthraquinone
AO7) and (b) Acid Orange 10 (AO10).

2.3. Uptake measurements

2.3.1. Effect of pH
Uptake experiments were performed at controlled pH and 298 K

by shaking 50 mg of EMCN with 50 mL (5 × 10−3 mol/L) dye solu-
tion for 1.5 h at 200 rpm. The solution pH was adjusted to the
desired value by adding either nitric acid or sodium hydroxide stan-
dardized solutions. After mixing, the aqueous phase was separated
from the solid phase by magnetic settlement and centrifugation at
12,000 rpm. The residual concentration of dyes was determined at
the maximum wavelength (484 nm for AO7 and 475 nm for AO10)
using a Cary 50 UV–vis spectrophotometer (Varian, USA).

2.3.2. Effect of time
The experiments were conducted by shaking 300 mg EMCN with

300 mL (5 × 10−3 mol/L) dye solution at the optimum pH values (pH
4.0 for AO7 and pH 3.0 for AO10). The contents of the flask were
agitated on a shaker at 200 rpm and 298 K. Several milliliters of the
solution was taken at different time intervals, where the residual
concentrations of dyes were calculated after the volume correction.

2.3.3. Adsorption isotherms
Complete adsorption isotherms were obtained by placing 50 mg

of EMCN in a series of flasks containing 50 mL dye solution at def-
inite concentrations and the optimum pH values. The flasks were
agitated on a shaker at 200 rpm and definite temperatures (298,
308, and 318 K) for 1.5 h. After adsorption, the residual concentra-
tion of the dyes in the solution was determined. The amount of dyes
adsorbed per unit of sorbent mass calculated by the mass balance
equation.

2.3.4. Desorption and reuse after desorption
For the desorption studies, 300 mg of EMCN were loaded with

the AO7 or AO10 using 300 mL of 5 × 10−3 mol/L dye solution at
optimum pH (the adsorption procedure is same as Section 2.3.2).
The dye-loaded EMCN were collected and washed with distilled
water to remove any unadsorbed dyes, and then were agitated
with 300 mL of NH4OH/NH4Cl (pH 10.0) for 2 h. To investigate the
reusablity of the adsorbents, the EMCN after desorption was reused
in adsorption experiments and the process was repeated for three
times.

3. Results and discussion
3.1. Characterization of EMCN

The TEM micrograph (Fig. 2) showed that the EMCN were essen-
tially monodispersed and had a main particle size distribution of
15–40 nm. The magnetization measurement performed with VSM

Formula weight Maximum wavelength �max (nm)

350.32 484
452.38 475
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Fig. 2. TEM micrograph for EMCN, the bar is 40 nm.

Fig. 3) indicated that the saturation magnetization of the EMCN
as 25.6 emu/g. As mentioned in a previous report, this magnetic

usceptibility value is sufficient for this resin to be used in wastew-
ter treatment [21]. Meanwhile, the insert figure in Fig. 3 indicated
hat nanoparticles had the characteristics of superparamagnetism.
t’s also found that when a magnet with a surface magnetization of
000 G was near the bottle, the chitosan nanoparticles suspended

n the solution will aggregate within 1–2 min. The large satura-
ion magnetization makes the EMCN be easily seperated by the
xternal magnetic field. The average mass content of Fe3O4 in the
MCN by TGA was about 33.5%, as calculated from the TGA data
t 873 K. As shown in the FTIR spectra of the EMCN, the peaks at
60–660 cm−1 were assigned to Fe–O bond vibration of Fe3O4. The
arbonyl bands at around 1630 cm−1 indicate that chitosan reacts
ith glutaraldehyde to form Schiff base. The increase of absorption

ntensity of the peak at 2920 cm−1 for the EMCN compared to the
CN should be attributed to the introduction of C–H in epichloro-

ydrine in the synthesis of the EMCN. The concentration of the
mine active sites of the MCN and EMCN was determined to be
.4 mmol/g and 3.8 mmol/g, respectively. These results indicated
hat MCN had been modified with ethylenediamine successfully.

.2. Effect of pH
The influence of pH on the adsorption of AO7 and AO10 onto
he EMCN for pH ranging 2–10 is illustrated in Fig. 4. It can be
een that the maximum uptake value for AO7 and AO10 was
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Fig. 3. VSM of EMCN.
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obtained at pH 4.0 and pH 3.0, respecitively (the optimum pH val-
ues selected for the further experiments). The observed decrease in
the uptake value at low pH (less than the optimum pH values) may
be attributed to the decrease in dye dissociation which leads to a
lower concentration of the anionic dye species available to inter-
act with the resin’s active sites. Above the optimum pH values, the
EMCN displays a sharp decrease in the uptake value as pH increases.
This behaviour can be explained on the basis of the lower extent of
protonation of amino groups at high pH.

The mechanisms of the adsorption process of the acid dyes (AO7
and AO10) on the EMCN are likely to be the ionic interactions of the
colored dye ions with the amino groups of the EMCN. In aqueous
solution, the acid dyes are first dissolved and the sulfonate groups
of acid dye (D-SO3Na) dissociate and are converted to anionic dye
ions.

D-SO3Na → D-SO3
− + Na+

Also, in the presence of H+, the amino groups of the EMCN (R-
NH2) became protonated.

R-NH2 + H+ ↔ R-NH3
+

The adsorption process then proceeds due to the electrostatic
attraction between these two oppositely charged ions

R-NH3
+ + D-SO3

− ↔ R-NH3
+. . .−SO3-D

The point of zero charge for the EMCN was found to be 4.8 using
standard potentiometric method. Therefore, the surface charge of
the EMCN is positively charged at pH < 4.8. It seems that at pH 3–4,
most of –NH2 groups are protonated, which are favorable for the
adsorpion of anionic dyes. However, at high pH, the number of
protonated –NH2 groups will decrease and more OH- ions will be
available to compete with the anionic sulfonic groups, therefore the
adsorption capacity for the acid dyes decreases at high pH.

3.3. Effect of contact time

Fig. 5 shows the effect of contact time on the adsorption capacity
(Q, mmol/g) of AO7 and AO10 by the EMCN. The results demon-
strate that the adsorption for both dyes is rapid. In the case of AO7,

the maximum adsorption is attained in 40 min, while for AO10 it
takes 60 min, after which the change in the removal percentage is
insignificant. The contact time of 1.5 h was found to be sufficient to
reach equilibrium, and so it was selected in further experiments.
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represent the average values of two tests under the identical conditions with error
<5%.
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It was reported that a long time is needed to attain equilibrium
or dyes with several adsorbents, such as GLA and H2SO4-
rosslinked chitosan resin [6], chitosan/kaolin/�-Fe2O3 composites
7], and other adsorbents [8–12,14]. In contrast, in the present
tudy, AO7 and AO10 are adsorbed in a short time (no more than
h). This can be attributed to the large surface area, the sufficient
xposure of active sites and the high surface reactivity of the mag-
etic chitosan nanoparticles.

.4. Adsorption isotherms

Fig. 6 shows the adsorption isotherms of AO7 and AO10 on
he EMCN at different temperatures. The equilibrium adsorption
apacity of the dye (Qe) increased with increasing of the dye
oncentration. The adsorption curves indicate that the uptake of
oth dyes decreases with increasing temperature. The adsorption

sotherms were studied using three isotherm models:
Langmuir isotherm equation [22]:

Ce

Qe
= Ce

Qm
+ 1

QmKL
(1)

Freundlich isotherm equation [23]:

nQe = bFlnCe + lnKF (2)

nd Dubinin-Radushkevich (D-R) isotherm equation [24]:

n Qe = Kε2 + lnQD−R (3)

here Ce is the equilibrium concentration of the dye (mmol/L); Qe is
he adsorbed value of dyes at equilibrium concentration (mmol/g);
L is the Langmuir binding constant which is related to the energy of
dsorption (L/mmol); KF and bF are the Freundlich constants related
o the adsorption capacity and intensity, respectively. Qm and QDR
re the Langmuir and D-R maximum adsorption capacities of the
ye (mmol/g), respectively; K is the D-R constants; ε is the Polanyi
otential given as Eq. (4) [25]:

= RT ln
(

1 + 1
Ce

)
(4)

here R is the gas constant (8.314 J/(K mol), and T is the temper-
ture (K). The D-R constant (K) can give the valuable information

egarding the mean energy of adsorption by Eq. (5) [26]:

= (−2K)−1/2 (5)

here E is the mean adsorption energy. The results were shown in
able 2. The Langmuir isotherm was found to fit quite well with the
aterials 185 (2011) 1045–1052

experimental data for both AO7 and AO10 in accordance with the
linear correlation coefficients (R2). This indicates the homogeneity
of active sites on the surface of the EMCN. It is notable that the EMCN
is a composite adsorbent which is composed of chitosan and Fe3O4.
However, chitosan was mainly responsible for the adsorption of
the dyes, therefore, it is reasonable that the EMCN can provide the
homogeneity of active sites. The difference in the values of KL for
AO7 and AO10 refers the different binding strength and capacity of
the dyes with the surface of the EMCN.

The Langmuir maximum adsorption capacity (Qm) of AO7
(2.82–3.47 mmol/g) at different temperatures (298–318 K) was
much higher than that of AO10 (1.79–2.25 mmol/g). The differ-
ence in the degree of adsorption may be attributed to the size and
chemical structure of the dye molecule. AO7 has the smaller molec-
ular size and has only one sulfonate acid group (monovalent). The
smaller molecular size of AO7 not only increases the concentration
of dye on the surface of the chitosan particle but also enables a
deeper penetration of dye molecules into the internal pore struc-
ture of the EMCN. The monovalent nature of AO7 dye molecules
makes more protonated amino groups on the chitosan particle
available for the adsorption of dye molecules. It also reduces the
electrostatic repulsion of adjacent dye molecules, which is sig-
nificant in the nano-scale EMCN, on the adsorbent surface when
compared with divalent dye molecule such as AO10, enabling dye
molecules to be packed more closely on the adsorbent surface.

The maximum adsorption capacity (Qm) of the EMCN obtained
by Langmuir isotherm for AO7 and AO10 adsorption at 298 K was
3.47 and 2.25 mmol/g, respectively, which is higher than that of the
unmodified magnetic chitosan microspheres (2.65 mmol/g for AO7
and 1.76 mmol/g for AO10) obtained in the same conditions as in
the EMCN. These results indicated that chemical modification of
magnetic chitosan nanoparticles with ethylenediamine improved
the adsorption capacity for both AO7 and AO10 due to the higher
concentration of active sites of the EMCN.

In addition, the mean adsorption energy (E) from the D-R
isotherm, defined as the free energy change when one mole of
ion is transferred from infinity in solution to the surface of the
solid, could be used to estimate the type of adsorption. The adsorp-
tion behaviour could be predicted as the physical adsorption in
the range of 1–8 kJ/mol and the chemical adsorption in more than
8 kJ/mol [25]. The E values (Table 2) of 8.53–9.29 kJ/mol for AO7
and 8.41–9.66 kJ/mol for AO10 indicated that the adsorption of
both dyes onto the EMCN was predominant on the chemisorption
process.

It is also important to compare the value of maximum adsorp-
tion capacity obtained from this study with values from other
reported low-cost adsorbents, since this will suggest the effec-
tiveness of the EMCN as potential adsorbent for dyes treatment.
The adsorption capacities for acid dyes (AO7 and AO10) using the
EMCN are comparable to those using other chitosan adsorbents as
shown in Table 3. It was notable that only 66.5 wt% of chitosan
was responsible for the adsorption of the AO7 and AO10 dyes. The
maximum adsorption capacity based on the weight of chitosan was
5.12 mmol/g (1827 mg/g) for AO7 and 3.38 mmol/g (1530 mg/g) for
AO10, respectively. The high adsorption capacity of the EMCN for
the dyes might be reasonably referred to the high specific sur-
face area of magnetic chitosan nanoparticles with a much smaller
diameter, leading to almost all active sites available.

The degree of suitability of the obtained resins towards dyes
was estimated from the values of the separation factor (RL) using
the following relation [31].
RL = 1
1 + KLC0

(6)

where KL is the Langmuir equilibrium constant and C0 is the initial
concentration of dye. Values of 0 < RL < 1 indicates the suitability of
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Fig. 6. Adsorption isotherms of the adsorption of (a) AO7 and (b) AO10 dyes on the EMCN at different temperatures (initial concentration 0.5–6 mmol/L, EMCN 1.0 g/L, shaking
rate 200 rpm, 298–318 K). The symbols represent the average values of two tests under the identical conditions with error <5%.

Table 2
Langmuir, Freundlich and Dubinin-Radushkevich isotherm constants and correlation coefficients.

Dye Temperature (K) Langmuir Freundlich Dubinin-Radushkevich E (kJ/mol)

Qm (mmol/g) KL (L/mmol) R2 KF (mmol/g) bF R2 QD-R (mmol/g) K × 10−8 (J2/mol2) R2

AO7 298 3.47 13.71 0.9980 2.97 0.2762 0.8057 3.34 −1.161 0.9751 9.29
308 3.04 12.14 0.9997 2.61 0.3021 0.8336 2.86 −1.246 0.9855 8.96
318 2.82 10.33 0.9995 2.34 0.2963 0.8009 2.65 −1.375 0.9919 8.53

AO10 298 2.25 8.08 0.9989 1.81 0.2516 0.8401 2.14 −1.415 0.9980 8.41
308 1.94 7.22 0.9981 1.59 0.2347 0.7815 1.85 −1.143 0.9900 9.35
318 1.79 6.63 0.9967 1.47 0.2172 0.7620 1.71 −1.071 0.9868 9.66
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Table 3
Comparison of adsorption capacities of dyes on different chitosan-based adsorbents.

Adsorbent Dye Qmax (mg/g) Reference

EMCN C.I. Acid Orange 7 1215 (3.47 mmol/g) This work
EMCN C.I. Acid Orange 10 1017 (2.25 mmol/g) This work
Chitosan-GLA Acid Red 37 167 [27]
Chitosan-GLA Acid Blue 25 127 [27]
Chitosan particles Acid Green 25 645 [28]
Chitosan particles Acid Orange 10 923 [28]
Chitosan particles Acid Orange 12 973 [28]
Chitosan-ECH Metanil Yellow 1334 [29]
Chitosan-ECH Reactive Blue 15 722 [29]
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let 384 [15]
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he process. The values of RL for the EMCN toward the adsorption
f AO7 and AO10 for all concentration ranges (0.5–6.0 mmol/L) at
98–318 K lie between 0.012–0.162 and 0.020–0.231 respectively.
his indicates the suitability of the EMCN for both AO7 and AO10
dsorption.

.5. Thermodynamic of AO7 and AO10 adsorption

It is known that values of thermodynamic parameters such as
nthalpy change (�H◦), entropy change (�S◦) and free energy
hange (�G◦) must be taken into consideration in order to deter-
ine the spontaneity of a process. In this study, the thermodynamic

arameters of the adsorption process are obtained from exper-
ments at various temperatures (298–318 K). The values of KL
Table 2) at different temperature were processed according to the
ollowing van’t Hoff equation [32] to obtain the thermodynamic
arameters of the adsorption process

nKL = −�H◦

RT
+ �S◦

R
(7)

here �H◦ and �S◦ are enthalpy and entropy changes, respec-
ively, R is the universal gas constant (8.314 J/mol K) and T is the
bsolute temperature (in Kelvin). Plotting ln KL against 1/T gives a
traight line with slope and intercept equal to �H◦/R and �S◦/R,
espectively. The values of �H◦ and �S◦were calculated from Fig. 7
nd reported in Table 4. The negtive values of �H◦ indicate the
xothermic nature of adsorption process. The positive values of
S◦ suggest the increased randomness during the adsorption of
O7 and AO10. The source of this entropy gain is due to liberation
f water molecules from the hydrated shells of the sorbed species
25]. Gibbs free energy of adsorption (�G◦) was calculated from the
ollowing relation and aslo given in Table 4.

G◦ = �H◦ − T�S◦ (8)

The negative values of �G◦ for both dyes indicate that the

dsorption on the EMCN is a spontaneous process, whereby no
nergy input from outside of the system is required. However,
he values of �G◦ decreased with increasing temperature, suggest-
ng that adsorption of AO7 and AO10 onto the EMCN became less
avourable at higher temperature [6]. As the temperature increases,

able 4
hermodynamic parameters of AO7 and AO10 adsorption by the EMCN.

Dye Temperature (K) �G◦ (kJ/mol)

AO7 298 −23.63
308 −24.35
318 −25.10

AO10 298 −22.29
308 −23.08
318 −23.89
1/T (K
-1
)

Fig. 7. van’t Hoff plots for the uptake of AO7 and AO10 dyes on the EMCN.

the mobility of dye molecules increases, causing the molecules to
escape from the solid phase to the liquid phase. Therefore, the
amount of AO7 and AO10 that can be adsorbed will decrease. The
increase mobility of dye molecules at elevated temperature may
also be reflected in the values of KL (Table 2). The values of KL for
both dyes decrease as the temperature increases, indicating lower
affinity of the resins towards the dyes at higher temperature.

3.6. Desorption and reuse

The capacities of the EMCN for the AO7 and AO10 dyes in the
adsorption–desorption–adsorption cycles were shown in Fig. 8.
It may be observed that at the first adsorption step, the adsorp-
tion capacities for the AO7 and AO10 dyes reached the values of
3.16 and 2.13 mmol/g, respectively. After the desorption step, the
adsorbed AO7 and AO10 dyes were removed about 81.1% and 87.8%,

respectively, by NH4OH/NH4Cl solution at pH 10. This could be
ascribed to the fact that, in the basic solution, the positively charged
amino groups were deprotonated and the electrostatic interaction
between chitosan and dye molecules became much weaker. The
second and the third adsorption step revealed the similar dynam-

T�S◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (J/mol)

12.48 −11.14 41.90
13.21
13.96
14.48 −7.81 48.59
15.27
16.09
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ig. 8. Absorption–desorption cycles of (a) AO7 and (b) AO10 dyes on the EMCN.

cal shape of the first adsorption step. It can also be seen that the
otal adsorption capacities of both AO7 and AO10 dyes for the sec-
nd and the third step maintain more than 90% of those for the first
dsorption step. Therefore, the EMCN can be reused for further dye
dsorption.

. Conclusion

This research have demonstrated that the EMCN can be used
or the effective adsorption of AO7 and AO10 from aqueous solu-
ion. The interest in using the EMCN for removal or recovery of
yes from aqueous solutions is related to their unique character-

stics, such as very large surface area and high surface reactivity.
n addition, the EMCN is easily seperated by the external mag-
etic field, by this way the problem of phase seperation using the
raditional adsorbents can be resolved. The EMCN exhibited good
inetic characteristics (equilibrium time 40 min for AO7 and 60 min
or AO10) and high adsorption loading capacities for AO7 and
O10 (i.e., 3.47 and 2.25 mmol/g at 298 K, respectively). The EMCN
lso showed good improvements in the uptake properties of AO7
nd AO10 compared to unmodified ones. The maximum adsorp-
ion capacity occurred at around pH 4.0 for AO7 and pH 3.0 for
O10. Equilibrium experiments fitted well the Langmuir isotherm
odel and the adsorption capacity decreases with increasing tem-

erature. The EMCN showed higher adsorption capacity for AO7
han for AO10 due to the size and chemical structure of the

ye molecule. In addition, the mean adsorption energy from the
ubinnin-Radushkevich isotherms revealed that the adsorption
rocess was predominant on the chemisorption process. Thermo-
ynamic calculation indicated that the adsorption process was
pontaneous and exothermic. Furthermore, the EMCN could be

[

[

aterials 185 (2011) 1045–1052 1051

regenerated using NH4OH/NH4Cl solution at pH10 and could be
reused to adsorb the dyes again.
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