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a b s t r a c t

A novel magnetic nano-adsorbent (MNP-NH2) has been developed by the covalent binding of 1,6-
hexadiamine on the surface of Fe3O4 nanoparticles for removal of Cu2+ ions from aqueous solution.
Various factors affecting the uptake behavior such as contact time, temperature, pH, salinity, amount
of MNP-NH2 and initial concentration of Cu2+ were investigated. The kinetics was evaluated utilizing
the Lagergren pseudo-first-order, pseudo-second-order, Elovich and intra-particle diffusion models. The
equilibrium data were analyzed using Langmuir, Freundlich, and Dubinin–Radushkevich isotherms. The
adsorption was relatively fast and the equilibrium was established within 5 min, and its kinetics fol-
lowed the pseudo-second-order mechanism, evidencing chemical sorption as the rate-limiting step of
emoval

mino-functionalized
dsorption
agnetic nanoparticle

sorption mechanism. The best interpretation for the equilibrium data was given by Langmuir isotherm,
and the maximum adsorption capacities was 25.77 mg g−1 at pH 6, and 298 K. Thermodynamic param-
eters showed that the adsorption process was spontaneous, endothermic and chemical in nature. The
successive adsorption–desorption studies indicated that the MNP-NH2 sorbent kept its adsorption and
desorption efficiencies constant over 15 cycles. Importantly, MNP-NH2 was able to remove 98% of Cu2+

ap wa
from polluted river and t

. Introduction

Copper is widely used in many industries, such as electroplat-
ng, paint, metal finishing, electrical, fertilizer, wood manufacturing
nd pigment industries. Rapid development of these industries has
ed to accumulation of Cu2+ ions in the environment. Unlike some
rganic pollutants, copper and some other toxic heavy metals are
on-biodegradable and can exist for a long time in natural environ-
ent. If the level of Cu2+ ions is beyond the tolerance limit, it will

ause serious environmental and public health problems. It is nec-
ssary to remove Cu2+ ions from industrial effluents prior to their
ischarge. Up to now, numerous technologies have been developed,

ncluding chemical precipitation [1], ion exchange [2], liquid–liquid
xtraction [3], electrodialysis [4], biosorption [5–7] and so on. Each
ethod has its inherent limitations. For example, it is well known

hat chemical precipitation generates large amounts of sludge and
econdary wastewater requiring treatment.
In recent years, for the treatment of Cu (II)-rich effluents, con-
iderable attention has been concentrated on the removal of Cu2+

ons by adsorption method because it is simple, relative low-cost,
ffective and flexible in design and operation. Up to now, numer-
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ous adsorbents have been developed including activated carbon
[8], carbon nanotubes [9], chitosan [10], lignocelluloses [11], syn-
thetic porous inorganic materials [12], natural inorganic minerals
[13,14], zero-valent iron [15], functionalized polymers [16,17] and
so on. However, most of these adsorbents show unsatisfied adsorp-
tion capacity due to diffusion limitation or the lack of enough active
surface sites, and some problems, including high cost, difficulties
of separation and regeneration of adsorbents from wastewater,
and secondary wastes, have to be faced. So, it is very impor-
tant to develop novel adsorbents with large adsorptive surface
area, low diffusion resistance, high adsorption capacity and fast
separation for large volumes of solution. Considering these char-
acteristics, nanomaterials attracted much attention and various
nano-adsorbents have been exploited to remove heavy metal ions
from solution. Nano-alumina [18], nanomagnets coated by EDTA
[19], carbon nanotube [20] and hydroxyapatite nanoparticle [21]
have been used as adsorbent for Cu2+ removal, and the experi-
mental results indicate that these materials have high adsorption
efficiency.

Usually it is difficult to separate adsorbents fast from large

volumes of solution, while magnetic adsorbents can circumvent
this problem because they can be separated easily from solution
by an external magnetic field. Therefore, adsorbents combin-
ing nanotechnology and magnetic separation technique would
remove heavy metal ions in perfect performance. Up to now, sev-
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ral magnetic nanomaterials, including maghemite nanoparticles
22,23], Fe3O4 magnetic nanoparticles [24,25], Fe3O4 nanoparti-
les functionalized with some compounds, such as humic acid [26],
mino-functionalized polyacrylic acid (PAA) [27], dimercaptosuc-
inic acid [28], gum arabic [29], polyvinyl acetate–iminodiacetic
cid [30], and natural or modified chitosan [31,32], have been
xplored for the removal of copper ions. These magnetic nano-
dsorbents were found to be cost-effective, simple to use, and
nvironmental-sound compared to the present other adsorbents.
owever, these modified Fe3O4 nanoparticles were prepared in

wo or three steps, namely, magnetic core was prepared firstly and
hen coated with different organic shells [26–32].

It has been reported previously that amine-functionalized Fe3O4
anoparticles could be prepared by a facile one-pot method using
eCl3·6H2O as single iron source [33], and the prepared nanopar-
icles were applied to immunoassays and magnetic resonance
maging in live mice. In this study, our aim is to prepare these
mine-functionalized Fe3O4 nanoparticles (MNP-NH2) and check
heir adsorption capability in removing Cu2+ from aqueous solu-
ion. The adsorption process has been investigated in detail, and
oth kinetic and thermodynamic features have been analyzed.
oreover, reusability of the prepared adsorbent was examined.

. Experimental

Preparation and characterization of MNP-NH2 were described
n the Supporting Information.

.1. Adsorption and desorption studies

The adsorption of Cu2+ ions by the amino-functionalized mag-
etite nanoparticles was investigated in aqueous solution at
5 ◦C. In general, the amino-functionalized magnetite nanoparti-
les (5.0 mg) were put into 50.0 mL of aqueous solution containing
u2+ ions (10.0 mg L−1), the mixture was adjusted to certain pH
ith NaOH or HCl and mixed by ultrasonication several minutes
ntil the equilibrium was established. For removal of Cu2+ from
eal water, 5.0 mg of the as-prepared MNP-NH2 was added into
0.0 mL of water. Then the MNP-NH2 with adsorbed Cu2+ was sep-
rated from the mixture with a permanent hand-held magnet. The
oncentration of Cu2+ in the supernatant was measured by flame
tomic absorption spectrometer (Ruili WFX-130). For comparison,

he adsorption of Cu2+ by the naked Fe3O4 nanoparticles (MNP)
as also investigated. To obtain the corresponding adsorption

sotherms and thermodynamic parameters, solutions containing
ifferent initial concentration of Cu2+ (0.1, 1, 2, 3, 4, 5 mg L−1) were

ig. 1. Effect of contact time and initial metal concentration on sorption capacity of
u2+ on MNP-NH2 nanoparticles (pH 6.0, MNP-NH2 dosage 0.1 g L−1, temperature
5 ◦C).
Materials 184 (2010) 392–399 393

treated with the same procedure as above-mentioned at different
temperatures.

Desorption of Cu2+ was performed by mixing 5 mg of copper
ions-loaded MNP-NH2 into 10 mL of HCl solution (0.1 mol L−1),
and sonicating for 1 min. Then, the MNP-NH2 was separated
from the solution by a permanent magnet and washed with dis-
tilled water three times, and dried for reuse. The consecutive
adsorption–desorption process was carried out 15 times.

2.2. Statistical analysis

All the experiments were carried out in triplicate and data pre-
sented are the mean values from these independent experiments.
Standard deviation and error bars are indicated wherever neces-
sary.

3. Results and discussion

3.1. Adsorption kinetics

The adsorption kinetics information has a significant practical
value. Rapid reaction time will facilitate smaller reactor volumes
ensuring efficiency and economy. To examine the influence of
time on Cu2+ adsorption, kinetics experiments were carried out
by adding 5.0 mg of new prepared MNP-NH2 to 50.0 mL solution
containing 2.0, 3.0, 4.0, 5.0 or 10.0 mg L−1 Cu2+ at pH 6.0, 25 ◦C.
The result shown in Fig. 1 indicated that adsorption equilibriums
were reached within 5 min. This rapid adsorption indicated that the
adsorption occurred mainly on the surface of the adsorbent, being
similar with some previous results [26,31].

Moreover, Lagergren pseudo-first order [34], pseudo-second
order [35], Elovich [36] and intra-particle diffusion [37] kinetic
models have been used to examine experimental data. All kinetic
equations are presented in Table 1, where qe and qt are the sorp-
tion capacity (mg g−1) at equilibrium and at time t (min), k is the
rate constant, and h is the initial sorption rate in pseudo-second-
order model. In all regression cases, the sum of error squared (SSE)
between the predicted values and the experimental data can be
calculated by the following equation:

SSE =

√√√√
N∑

i=1

(qexp − qcalc)2

N
(1)

where the subscripts exp and calc are the experimental and calcu-
lated values of q, respectively. N is the number of measurements.

The Lagergren-first-order rate constants k1 were calculated
from the slope of Fig. 2(a). It was observed that k1 increased with
increasing initial Cu2+ concentration. The correlation coefficients
were in the range of 0.9984–0.9997 (Table 2).

The pseudo-second order kinetic constant k2 and qe can be
calculated from the intercept and slope of the plots of t/qt vs. t
(Fig. 2(b)). The rate constants k2, the calculated equilibrium sorp-
tion capacities qe(calc.), the initial sorption rate h, and the linear
correlation coefficient values R2 obtained by linear regression are
listed in Table 2. For any c0 value within the scope of investiga-
tion, the rate constant k2 and initial sorption rate h increased with
the increase of initial concentrations. This trend suggests that a
chemisorptions reaction occurs between Cu2+ and NH2 groups on
the surface of MNP-NH2.
The Elovich equation is often used to interpret the kinetics of
sorption and successfully describe the predominantly chemical
sorption on highly heterogeneous sorbents. In its linear Eq. (4), ˛
is the initial adsorption rate (mg g−1 min−2) and ˇ is the desorp-
tion constant (g mg−1 min−1). Here the relationships between qt
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Table 1
Mathematical equations in Cu2+ adsorption kinetics.

Kinetic models Linear equations Plot Calculated coefficients

Lagergren pseudo-first-order ln(qe − qt) = ln qe − k1t (2) ln(qe − qt) vs. t k1 = −slope,
qe = eintercept

Pseudo-second-order
t

qt
= 1

k2qe
2

+ t

qe
, h = k2q2

e(3) t/qt vs. t k2 = slope2/intercept,
qe = 1/slope

Elovich qt = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t) (4) qt vs. ln(t) ˛ = e(intercept/slope − ln(ˇ)) ,
ˇ = 1/slope

Intra-particle diffusion qt = kintra(t)1/2 + C (5) qt vs. t1/2 kintra = slope

Fig. 2. The fitting of different kinetic models for Cu2+ adsorption onto MNP-NH2 nanoparticles at different initial concentration (2 mg L−1, 3 mg L−1, 4 mg L−1, 5 mg L−1 and
10 mg L−1) at 25 ◦C ((a) Lagergren pseudo-first order, (b) Pseudo-second order, (c) Elovich, (d) Intra-particle diffusion).

Table 2
Kinetic parameters of different models for Cu2+ ions adsorption onto MNP-NH2 nanoparticles.

Kinetic models and parameters Cu2+ c0 (mg L−1)
2.0 3.0 4.0 5.0 10.0

qe(exp.) (mg L−1) 14.50 18.81 21.13 22.30 25.82
Pseudo-first-order equation

qe(calc.) (mg L−1) 14.51 18.85 20.65 22.27 25.73
k1 (min−1) 0.639 0.730 0.810 0.938 1.053
R2 0.9984 0.9985 0.9997 0.9991 0.9992
SSE 0.197 0.205 0.116 0.135 0.188

Pseudo-second-order equation
qe(calc.) (mg L−1) 14.60 18.90 21.19 22.37 25.85
k2 (g mg−1 min−1) 0.174 0.178 0.201 0.248 0.255
h (mg g−1 min−1) 37.97 62.30 90.09 124.07 170.08
R2 0.9998 0.9998 0.9999 0.9999 0.9999
SSE 0.022 0.014 0.010 0.008 0.006

Elovich equation
qe(calc.) (mg L−1) 14.51 19.06 21.62 22.99 26.53
˛ (mg g−1 min−2) 21.77 35.39 53.02 81.88 139.09
ˇ (g mg−1 min−1) 0.218 0.182 0.178 0.169 0.153
R2 0.9988 0.9945 0.9711 0.9579 0.9417
SSE 0.078 0.194 0.474 0.542 0.666

Intra-particle diffusion equation
qe(calc.) (mg L−1) 14.77 19.26 21.66 22.87 26.26
kintra (mg g−1 min−1/2) 6.604 8.614 9.689 10.228 11.744
C 0.379 0.871 1.438 1.991 2.723
R2 0.9898 0.9765 0.9525 0.9297 0.9078
SSE 0.442 0.882 1.425 1.848 2.453
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ig. 3. Effect of amount of MNP-NH2 on the removal of Cu2+ ions. Initial concen-
ration of Cu2+ ion: 10 mg L−1; pH 6.0; solution volume: 50 mL; temperature: 298 K.
he bars represent the standard error of the mean.

nd ln (t) were illustrated in Fig. 2(c). Before reaching the adsorp-
ion equilibrium, the plots exhibit relative good linear relationship.
rom their slopes and intercepts, Elovich constants were deter-
ined and given in Table 2.
The possibility of intra-particle diffusion was explored by using

he intra-particle diffusion model represented by the Eq. (5). Where
intra is the intra-particle diffusion rate constant (mg g−1 min−1/2)
nd C is a constant related with the thickness of boundary layer
mg g−1). If the plot of qt vs. t1/2 gives a straight line, the sorption
rocess is controlled by intra-particle diffusion only. However, if
he data exhibit multi-linear plots, then two or more steps influence
he sorption process. Here the plot of qt vs. t1/2 for Cu2+ is shown in
wo stages (Fig. 2(d)). The first straight portion depicts macropore
iffusion and the second representing micropore diffusion [38]. The
alculated kinetic parameters kintra and C were listed in Table 2.
ignificantly, the intercept (C) as proposed by Eq. (5) was not zero,
ndicating that intra-particle diffusion may not be the controlling
actor in determining the kinetics of the process [38].

Although the values of calculated equilibrium capacities
qe(calc.)) from the Lagergren pseudo-first order, pseudo-second
rder, Elovich and the intra-particle diffusion kinetic models were
n agreement with those of experimental capacities (qe(exp.)) at
ifferent initial Cu2+ concentrations to some extent (Table 2), it

s probable that the adsorption system is not followed by the
agergren first-order or Elovich or intra-particle kinetic models.
he higher correlation coefficients (R2) and lower SSE values for
seudo-second-order kinetic model indicated that the sorption fol-

owed a pseudo-second order mechanism, and the sorption process
as controlled by chemisorption [39].

.2. Influence of amount of MNP-NH2

An optimum adsorbent dose is essentially required to max-
mize the interactions between metal ions and adsorption sites
f adsorbent in the solution [32]. To evaluate the optimum
osage of MNP-NH2 adsorbent, 1.0–50.0 mg of freshly prepared
NP-NH2 was added to 50.0 mL of aqueous solution containing

0.0 mg L−1 Cu2+. Analysis of Fig. 3 demonstrated that the removal
fficiencies of Cu2+ increased from 5% to 74% with increasing adsor-
ent amount, while the amount of Cu2+ adsorbed per unit mass,
e, decreased from 25.80 to 7.39 mg g−1. Increasing the dose of
NP-NH2 would increase the number of available adsorption sites,
hereby resulting in the increase in removal percentage of Cu2+. The
ecrease in sorbent capacity may be due to interference between
inding sites and higher adsorbed dose or insufficiency of metal

ons in solution with respect to available binding sites [40]. Of
ourse, it may be also due to aggregation resulting from high sor-
Materials 184 (2010) 392–399 395

bent dose. Such aggregation would lead to a decrease in total
surface area of the sorbent and an increase in diffusional path length
[41]. The particle interaction at higher adsorbent concentration
may also help to desorb some of the loosely bound metal ions from
the sorbent surface [42]. Fig. 3 indicates that a sorbent concentra-
tion of 0.1 g L−1 would insure the best removal percentage and the
best sorbent capacity.

3.3. Effect of initial pH on adsorption and zeta potential analyses

Acidity is one of the most important factors in the adsorption of
environmental contaminants in aqueous solution since it can affect
the solution chemistry of contaminants (i.e. hydrolysis, redox reac-
tions, polymerization and coordination). Acidity also has a strong
influence on the ionic state of functional groups on the surface of
adsorbents [43]. Under different pH conditions, the removal effi-
ciency of Cu2+ ions by the sorbent was detected. As presented in
Fig. 4(a), the removal efficiency increased from 53% to 100% when
the initial pH varied from 2 to 6, then kept at 100% with increas-
ing pH. The variation of Cu2+ adsorption with solution pH could
be explained by the following Eqs. (6) and (7), which described
reactions took place at the solid-solution interface of MNP-NH2
sorbent:

MNP − NH2 + H+ = MNP − NH3
+ (6)

MNP − NH2 + Cu2+ = MNP − NH2Cu2+ (7)

Eq. (6) indicated the protonation and deprotonation reactions
of MNP-NH2 in solution, and Eq. (7) shown that Cu2+ ions formed
complexes with the amino groups on the surface of MNP-NH2.
According to the Eq. (6), the reaction favored the protonation of
NH2 to form NH3

+ at lower pH. As more NH2 groups were proto-
nated to form NH3

+ cations, there were only fewer NH2 binding
sites on the surface of MNP-NH2 for Cu2+ ions adsorption through
Eq. (7). Furthermore, the electrostatic repulsion between Cu2+ ion
and MNP-NH2 increased with more NH3

+ formed on the surface
of MNP-NH2. These effects decreased the adsorption of Cu2+ ions
on the MNP-NH2 with decreasing pH. Conversely, the reaction in
Eq. (7) proceeded to the left with increasing solution pH, lead-
ing to an increase of the number of NH2 sites on the surface
of MNP-NH2 for Cu2+ ion adsorption through Eq. (7) and thus
increasing the sorption capacity [27,29]. It was supported that the
isoelectric point (pI) of MNP-NH2 was 5.8, revealing that amino-
functionalized nanoparticles were positively charged at pH < 5.8
(Fig. 4(b)).

By comparison with MNP-NH2, naked Fe3O4 nanoparticles
(MNP) could only absorb significantly less Cu2+ ions under the same
pH conditions. According to Fig. 4(b), the isoelectric point (pI) of
naked nanoparticles was 5.4, which was close to that reported in lit-
erature [26] and similar with that of MNP-NH2. However, there was
a remarkable difference in removal efficiency of Cu2+ ions between
MNP and MNP-NH2, and MNP-NH2 exhibited larger adsorption
capacity than MNP. Considering the difference between MNP and
MNP-NH2, the larger adsorption capacity of MNP-NH2 attributed
to the amino groups modified on the surface of MNP-NH2.

Considering the hydrolysis and precipitation of Cu2+, the species
formed in the pH range 3–6 are Cu2+ (unhydrolyzed species),
Cu(OH)+, and Cu(OH)2 [44]. Among them Cu2+ is the predominant
species in the solution, and the concentration of Cu(OH)2 is very low
and negligible. In addition, according to solubility product constant

of Cu(OH)2 (log(Ksp) = 19.66) [45], Cu(OH)2 precipitate forms when
the concentration of Cu2+ is larger than 12 mg L−1 at pH 6.0. In this
study, the largest concentration of Cu2+ is 10 mg L−1, and no pre-
cipitation was observed. Therefore, the experiments in this study
were performed at pH 6.0.
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ig. 4. (a) Effect of pH on Cu2+ adsorption on MNP-NH2. Initial concentration of Cu
NP-NH2 at various pH values.

.4. Adsorption isotherms

To understand the adsorption mechanism of Cu2+ ions on
he nano-adsorbent, the adsorption data were analyzed by
dsorption isothermal models. Here Langmuir, Freundlich and
ubinin–Radushkevich (D–R) adsorption isotherm models were
sed to describe the equilibrium between adsorbed Cu2+ on MNP-
H2 (qe) and Cu2+ in solution (Ce) at a constant temperature.

The Langmuir model assumes that adsorption takes place at
pecific homogeneous sites within the adsorbent and has found
uccessful application in many monolayer adsorption processes.
he linear form of the Langmuir isotherm is depicted by the fol-
owing equation:

Ce

qe
= 1

KLqm
+ Ce

qm
(8)

here qe represents the amount of Cu2+ adsorbed on the absorbent
t equilibrium (mg g−1); Ce describes the equilibrium Cu2+ con-
entration (mg L−1); qm denotes the maximum adsorption capacity
orresponding to complete monolayer coverage and KL is the Lang-
uir adsorption equilibrium constant (L mg−1). Thus, a plot of

e/qe vs. Ce (Fig. 5) results in a straight line of slope (1/qm) and
n intercept of 1/KLqm. From the slopes and intercepts, the values
f qm and KL were calculated to be 25.77 mg g−1 and 2.41 L mg−1

espectively. The Table 3 present the comparison of adsorp-
ion capacity (mg g−1) of MNP-NH2 from the Langmuir isotherm
or Cu2+ with that of various adsorbents reported in literature

8–14,16,17,21–23,26,27,31,32].

The type of the Langmuir isotherm can be used to predict
hether the adsorption is favorable or unfavorable in term of either

he equilibrium parameter or a dimensionless constant separation

ig. 5. Langmuir plots for the adsorption of Cu2+ onto MNP-NH2 at different tem-
eratures.
mg L−1; MNP-NH2: 5 mg; solution volume: 50 mL. (b). Zeta potentials of MNP and

factor RL, which is defined by the following equation [46]:

RL = 1
1 + KLC0

(9)

Here C0 (mg L−1) is the initial concentration of Cu2+. The RL indi-
cates the type of isotherm to be irreversible (RL = 0), favorable
(0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1). The RL values in
this study were in the range from 4.17 × 10−2 to 0.806 (Table 3),
which indicated the favorable adsorption between Cu2+ and MNP-
NH2 sorbent.

The Freundlich model is applied to monolayer adsorption as
Langmuir model but not a saturation-type isotherm. It is used to
estimate the sorption intensity of the adsorbent towards the adsor-
bate and it can be represented as follows:

ln qe = ln KF + 1
n

ln Ce (10)

where KF is Freundlich constant indicating adsorption capacity, n is
an empirical parameter related to the intensity of adsorption. The
value of n varies with the heterogeneity of the adsorbent and for
favorable adsorption process the value of n should lie in the range
of 1–10 [47]. They can be calculated from the intercept and slope of
linear plot of ln qe vs. ln Ce, respectively (figure not shown), and the
values of KF and n at different temperatures were shown in Table 4.

Moreover, the sorption data were applied to the D–R model in
order to distinguish between physical and chemical adsorption. The
linear form of the D–R model is:

ln qe = ln qmax − ˇε2 (11)

where ˇ is the activity coefficient related to mean adsorption
energy (mol2 J−2); qe and Ce represent the same mean as above
mentioned. qmax is the maximum adsorption capacity of Cu2+ ions
on MNP-NH2 corresponding to D–R monolayer coverage (mg g−1);
ε is the Polanyi potential (kJ2 mol−2), which can be obtained from
the following relation:

ε = RT ln
(

1 + 1
Ce

)
(12)

R is the gas constant (8.314 J mol−1 K−1) and T is the temperature
(K).

The experimental data were evaluated by plotting ln qe against
ε2 to obtain the value of qmax and ˇ from the intercept and slope,
respectively. The mean sorption energy E (kJ mol−1) is the free
energy of the transfer per mole of the sorbate from infinity to
the adsorbent surface and can be calculated using the following
equation.
E = 1√
2ˇ

(13)

The magnitude of this parameter is useful for information about
the type of adsorption process such as chemical ion exchange or
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Table 3
Comparison of adsorption capacity of various adsorbents for Cu2+.

Sorbents Capacity (mg g−1) Refs.

Activated carbon modified by poly(N,N-dimethylaminoethyl methacrylate) 31.46 [8]
Carbon nanotubes 24.49 [9]
Crosslinked chitosan with epichlorohydrin 35.46 [10]
Oxidized coir 6.99 [11]
Unmodified coir 2.54 [11]
Silica gel microspheres encapsulated with 5-sulfosalicylic acid functionalized polystyrene 29.73 [12]
Sepiolite 38.17 [13]
Polyacrylonitrile/pumice composite 4.12 [14]
Microorganisms immobilized on composite polyurethane foam 28.74 [16]
Poly(hydroxyethyl methacrylate) nanobeads containing imidazole groups 58 [17]
Hydroxyapatite nanoparticles 36.9 [21]
Maghemite nanoparticle 27.7 [22]
Magnetic gamma-Fe2O3 nanoparticles coated with poly-l-cysteine 42.9 [23]
Fe3O4 magnetic nanoparticles coated with humic acid 46.3 [26]
Amino-functionalized magnetic nano-adsorbent 12.43 [27]
Magnetic nano-adsorbent modified by gum arabic 38.5 [29]
Chitosan-bound Fe3O4 magnetic nanoparticles 21.5 [31]
Magnetic nanoparticles coated by chitosan carrying of �-ketoglutaric acid 96.15 [32]
Amino-functionalized magnetic nanosorbent 25.77 This work

Table 4
Isotherm constants for the adsorption of Cu2+ onto MNP-NH2 at various temperatures.

T (K) Langmuir Freundlich Dubinin–Radushkevich (D–R)

qm (mg g−1) KL (L mg−1) RL range r2
L n KF (L g−1) r2

F qmax (mg g−1) ˇ (mol2 kJ−2) r2
D–R E (kJ mol−1)

298 25.77 2.41 0.0768–0.806 0.9972 2.31 16.69 0.9498 165.78 3.03 × 10−3 0.9691 12.84
17.4 −3

18.3
19.4
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p
a
p
a
f
i
c
w

t
w
b
i

3

e
w
t
T
a
t

�

l

w
t
p
i
�
c
i

no interaction occurred among NaCl, MNP-NH2 and Cu2+, and the
complexation of Cu2+ with Cl− was much weaker than the coordi-
nation between Cu2+ and amino groups on the surface of MNP-NH2.
303 26.13 2.64 0.0703–0.791 0.9973 2.40
313 26.48 3.20 0.0588–0.757 0.9954 2.59
323 26.56 3.79 0.0502–0.725 0.9933 2.69
333 26.58 4.60 0.0417–0.685 0.9961 2.81

hysical adsorption. When it lies between 8 and 16 kJ mol−1, the
dsorption occurs chemically, otherwise, the reaction proceeds
hysically as it smaller than 8 kJ mol−1 [48]. All values of qmax, ˇ
nd E were given in Table 4. It can be seen that the E values varied
rom 12.84 to 15.94 kJ mol−1 at all studied temperatures, indicat-
ng that the adsorption of Cu2+ by MNP-NH2 may be interpreted as
hemical ion exchange adsorption. The E value at room temperature
as consistent with some previous results [49–51].

The Langmuir, Freundlich and D–R parameters for the adsorp-
ion of Cu2+ onto nano-adsorbent were summarized in Table 4. It
as evident that the Langmuir model fitted the experimental data

etter than the Freundlich and D–R models based on the r2 values
n Table 4.

.5. Thermodynamic parameters

In any adsorption procedure, both energy and entropy consid-
rations should be considered in order to determine what process
ill take place spontaneously. Values of thermodynamic parame-

ers have the great significance for practical application of a process.
he change in free energy �Go, enthalpy �Ho and entropy �So

ssociated with the adsorption process were calculated by using
he following equations:

Go = −RT ln K (14)

n K = −�Go

RT
= −�Ho

RT
+ �So

R
(15)

here R is the gas constant (8.314 J(mol K)−1), T the absolute
emperature (K), K (qe/Ce) an equilibrium constant at various tem-

eratures [52]. �Ho and �So were calculated from the slope and

ntercept of the plot of ln K vs. 1/T (Fig. 6), and the values of �Go,
Ho and �So were collected in Table 5. The negative values of �Go

onfirmed that the adsorption was spontaneous, and the decreas-
ng of �Go as temperature rises indicated that the adsorption was
2 0.9567 155.78 2.80 × 10 0.9717 13.34
9 0.9602 144.88 2.46 × 10−3 0.9793 14.22
1 0.9407 133.87 2.17 × 10−3 0.9645 15.18
5 0.9482 129.97 1.97 × 10−3 0.9735 15.94

more favorable at high temperatures. The positive value of �Ho

confirmed the endothermic nature of adsorption which was also
supported by the increase in value of Cu2+ uptake with the rise in
temperature. The positive value of �So suggested the increasing
randomness at the solid/liquid interface during the adsorption of
Cu2+ ions on MNP-NH2.

3.6. Influence of salinity

Increasing NaCl salinity from 0% to 3.5% (the salinity of seawater)
had no effects on the removal of Cu2+ by MNP-NH2. It suggested that
Fig. 6. Plot of ln K vs. 1/T to predict thermodynamic parameters for the adsorption
of Cu2+ ions onto MNP-NH2.
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Table 5
Thermodynamic parameters of Cu2+ adsorption onto MNP-NH2 at different
temperatures.

T (K) ln K (L mg−1) �Go (kJ mol−1) �Ho (kJ mol−1) �So(J (mol K)−1)

298 4.19 −10.39 27.18 126.1
303 4.33 −10.91
313 4.77 −12.42
323 5.01 −13.44
333 5.34 −14.78

Table 6
The pH, concentration of COD, and Cu2+ in water and the removal (%) after treating
50 mL of water with 0.1g L−1 MNP-NH2 sorbent. (Remove efficiency ± S.D.).

Matrix pH COD (mg L−1) Cu2+
initial (mg L−1) Cu2+

removal (%)

Tap water 6.5 3 1.001 ± 0.042 98 ± 0.090
Polluted river 6.1 30 1.005 ± 0.060 98 ± 0.010
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Fig. 7. Regeneration studies of MNP-NH2.

.7. Real water matrix and coexisted ions

The river polluted by industrial wastewater and tap water
piked with 1.0 mg L−1 Cu2+ were used to evaluate practical appli-
ation of MNP-NH2. Table 6 shows the initial concentration and
he removal efficiencies of Cu2+ after treatment with MNP-NH2.
or the studied water samples, the observed removals of Cu2+ were
8% and were hardly influenced by the commonly coexisted ions in

ndustrial wastewater or in tap water. It is evident that coexisted
ons in natural water, such as Ca2+ and Mg2+, have no influence on
he removal efficiency of Cu2+ with MNP-NH2. Furthermore, our
xperiments indicated that Pb2+ and Ni2+ have little effect on Cu2+

dsorption (data not shown), and further work is needed to explore
he influence of other heavy metal ions.

.8. Reusability of MNP-NH2 for Cu2+ removal

Taking into account the practical application, the
dsorption–desorption cycle was repeated 15 times using the
ame nanoparticles. Analysis of the influence of pH on the removal
fficiency, it was expected that acid would be an effective agent
or desorption.

The results indicated that Cu2+ ions could be desorbed com-
letely by 1 min sonication in the presence of 0.1 mol L−1 HCl.

n addition, the performance and reproducibility of regenerated
NP-NH2 retained unchanged in the following adsorption. Fig. 7

howed the relationship between the time for reuse and the

dsorption efficiency of the regenerated nanoabsorbent. It can be
een that the adsorption capacity of MNP-NH2 kept constantly
nd no difference in desorption capacity was observed during
5 sorption–desorption cycles. These results are encouraging and
uggest that nano-adsorbent in this study has good reusability.
Materials 184 (2010) 392–399

Since 0.1 mol L−1 HCl solution was used as the desorbing agent
and the nano-adsorbent was dried in an oven during regeneration,
each adsorption–desorption process must go with an acid-treated
process and a heat-treated process. Thus, the reproducibility of
MNP-NH2 displayed in Fig. 7 also indicated its good stability. The
excellent reusability and stability indicate that MNP-NH2 has a
great potential in practical application.

4. Conclusions

In this study, MNP-NH2 has been prepared facilely by one-
pot method and been characterized by transmission electron
microscopy, X-ray diffraction, FT-IR spectrum, laser particle size
analysis and zeta potential. Adsorption studies of Cu2+ ions onto
MNP-NH2 led to the following conclusions.

(1) Various factors affecting the uptake behavior such as contact
time, temperature, pH, salinity, amount of MNP-NH2 and initial
concentration of Cu2+ were evaluated. The adsorption process
was relatively fast and the equilibrium could be reached within
5 min, and the maximum adsorption of Cu2+ ions occurred at
pH 6 and 298 K. Increasing NaCl from 0% to 3.5% (the salinity of
seawater) had no effects on the adsorption of Cu2+ on MNP-NH2.

(2) Kinetic models including the Lagergren first-order, pseudo-
second-order, Elovich and intra-particle diffusion were applied
to the experimental data. The adsorption was found to follow
the pseudo-second-order model, and chemical sorption was the
rate-limiting step.

(3) The equilibrium data were still analyzed using the Langmuir,
Freundlich, and Dubinin–Radushkevich isotherm models. It
was found that the sorption of Cu2+ ions was well fitted to
the Langmuir equation with maximum monolayer adsorp-
tion capacity of 25.77–26.58 mg g−1 at 298–333 K. The values
of the adsorption energy, E (kJ mol−1), varied from 12.84 to
15.94 kJ mol−1 at all studied temperatures (298–333 K), indicat-
ing that the adsorption of Cu2+ by MNP-NH2 may be interpreted
as chemical adsorption. Thermodynamic parameters revealed
that the adsorption was spontaneous and endothermic in
nature.

(4) Most importantly, MNP-NH2 exhibited a high stability and
good reusability under experimental conditions. Copper ions
could be desorbed completely by 0.1 mol L−1 HCl solution
within 1 min, and the regenerated MNP-NH2 could retain the
original metal removal level. MNP-NH2 was able to remove
98% of Cu2+ from industrial wastewater and tap water. The
15 adsorption–desorption cycles suggested that the nano-
adsorbent in this study had a great potential in practical
application.
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