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This  study  describes  an  effective  copper  removal  method  using  pectin-coated  iron  oxide  magnetic
nanocomposite  as  an  adsorbent.  The  nanocomposite  adsorbent  was  synthesized  with  the  iron  salt  co-
precipitation  method  followed  by  direct  encapsulation  with  pectin  coating  without  cross  linking  with
calcium  ions.  Scanning  electron  microscopy  (SEM)  images  showed  pectin–iron  oxide  magnetic  nanocom-
posite  (PIOMN)  adsorbent  was  spherical  in shape  and 77 ±  5  nm  in  diameter.  Fourier  transform  infrared
spectroscopy  (FTIR)  spectra  provided  the  evidence  that  pectin  was  successfully  coated  on  the  surface  of
iron  oxide  nanoparticle.  The  interaction  between  copper  ions  and  pectin  on  PIOMN  surface  was  eluci-
dated  from  energy  dispersive  analysis  system  of  X-ray  (EDAX)  spectra.  The  amount  of  adsorbed  Cu(II)
dsorption
opper ions

by PIOMN  adsorbent  increased  with  increasing  pH, followed  by decreased  pH value  after  copper  uptake,
attesting  to  the  ion  exchange  and  electrostatic  force  mechanism  during  the  adsorption  process.  Sorption
kinetic  data  were  well  fitted  with  a pseudo  second-order  model,  and  sorption  isotherms  were  described
by  both  Langmuir  and  Freundlich  equation  with  maximum  adsorption  capacity  of  48.99  mg/g.  Further-
more,  the  adsorbents  can be regenerated  using  0.01  M EDTA,  remaining  93.70%  of  its  original  capacity
after  the  first  regeneration  cycle,  and  still  reaching  58.66%  of  the  original  capacity  after  the  fifth  cycle.
. Introduction

Copper (Cu) exists in the environment as an essential micronu-
rient for plants, animals and humans, particularly for plant
rowth [1].  The normal Cu concentration in plants reported was
–15 mg/kg and concentration of Cu greater than 25 mg/kg was
onsidered toxic to plants [2].  A Cu deficiency will lead to the reduc-
ion of biological functions, whereas excess Cu will damage cell

embranes and result in plant cell death, thus reducing plant cover
nd growth, and deteriorating ecosystem [3,4]. Mining activities
nd the wide use of Cu-based pesticides, such as copper hydroxide
nd copper sulfate, for controlling fungi, bacteria, invertebrates and
lgae, have been cited as the leading causes of Cu toxicity to plants
nd soil contamination [1,5].

Much effort has been devoted to developing techniques for

opper removal involving chemical precipitation, ion-exchange,
embrane filtration, coagulation–flocculation, flotation, electro-

hemical methods and adsorption [6–12]. Among these methods,
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adsorption has been extensively studied as a cost-effective technol-
ogy during the past decade [13,14].  Since biological material with
various functional groups including carboxyl, amide and hydroxyl
group, has a high affinity for Cu, various biosorbents, such as wheat
[15], orange peel [16], and hardwood and corn straw [17], have
been employed for Cu sorption. Pectin presenting within all higher
plant cell walls is a structural polysaccharide with partially ester-
ified polygalacturonic acid (PGA) [18]. The Cu–pectin interaction
was  attributed to the complexation of PGA with Cu(II) [19], for
example, ML  complex or ML2 complex depending on the ligand
concentration, L to M concentration ratio, and the esterified frac-
tion [18]. As a result, pectin can be used as a biosorbent to remove
Cu(II) from aqueous solution. Kartel et al. utilized industrially man-
ufactured pectins to bind heavy metal ions in aqueous solutions and
concluded that the selectivity sequences for pectins can be ordered
as follows: Pb(II) � Cu(II) > Co(II) > Ni(II) � Zn(II) > Cd(II) [20]. Mata
et al. studied the adsorption behavior of Cu, Pb and Cd from wastew-
ater toward sugar-beet pulp pectin [21], and also investigated the
sugar-beet pectin xerogels as a biosorbent for copper removal in
a fixed-bed column [22]. Liang et al. utilized orange peel (OP) [16]
as raw material to prepare two kinds of adsorbents, i.e., MgOP and

KOP, and found that Cu(II) adsorption capacity by MgOP and KOP
were 40.37 and 59.77 mg/g, respectively.

However, lack of stability and inconvenience to be separated
from the aqueous solution are the main drawbacks for pectin as an

dx.doi.org/10.1016/j.cej.2012.01.050
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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dsorbent for Cu(II) removal. The hybrid nanomaterials of pectin
nd iron oxide magnetic nanoparticles have been reported [23].
hese nanomaterials have the advantages of adsorption properties
f pectin and magnetic properties of iron oxide. Co-precipitation
ethod followed by its encapsulation with pectin and cross link-

ng with calcium ions have been employed to produce pectin
oated iron oxide magnetic nanostructure hybrid [23]. A binding
ethod using glutaraldehyde and adipic acid has been also used

o synthesize pectin iron oxide magnetic nanocomposite [24]. The
dsorption behavior of pectin–iron oxide magnetic adsorbent has
een investigated for the removal of methylene blue from aqueous
olution [24].

This paper presents a technique for producing a biologi-
al material-based magnetic adsorbent, and demonstrates highly
ffective Cu(II) removal by using pectin–iron oxide magnetic
anocomposite (PIOMN) adsorbent. The aim of the study is to
eport PIOMN synthesis and characterization, and to assess copper
emoval efficiency for Cu(II) from aqueous solution.

. Materials and methods

.1. Materials

Pectin was  purchased from Sanland-chem International Inc.
eCl2·4H2O, FeCl3·6H2O, and Cu(NO3)2 ·3H2O were supplied by
ianjin kermel chemical reagent Co., LTD. All reagents were of
hemical grade. Cu(II) stock solutions (1000 mg/L) were prepared
y dissolving 3.7813 g Cu(NO3)2 ·3H2O in 1000 mL  distilled water.
he solutions with different concentrations were obtained by dilu-
ion of the stock solutions.

.2. Preparation of PIOMN adsorbent

The synthesis of PIOMN was performed with the modification of
he previous literatures [23,25]. Typically, iron salt co-precipitation

ethod was used followed by direct encapsulation with pectin
oating without cross linking with calcium ions. Firstly, 1% (w/v)
ectin solution was prepared by dissolving 1 g pectin in 100 mL
ltrapure water with continuously stirring for 24 h at room tem-
erature. Secondly, 6.1278 g FeCl3 ·6H2O and 3.0121 g FeCl2 ·4H2O
molar ratio of Fe(III): Fe(II) was 1.5: 1) were dissolved in 100 mL
ltrapure water and heated to 90 ◦C with N2 protection, followed
y rapid addition of 10 mL  of 25 wt % ammonium hydroxide, with
ubsequent addition of 100 mL  of prepared pectin solution. Finally,
he mixture was stirred at 90 ◦C for 30 min  and then cooled to room
emperature. After reaction, the black precipitate was  collected by

 permanent magnet, washed with copious distilled water to neu-
ral, dried in the oven at 90 ◦C, and grinded with mortar. The final
roducts were the prepared PIOMN adsorbents.

.3. Sample analysis methods

FTIR spectra of bare Fe3O4 nanoparticles and PIOMN before and
fter Cu(II) uptake were recorded with a Fourier Transform Infrared
pectroscopy (FTIR, WQF-410, Beijing Second Optical Instrument
actory, China). The size and morphology of the synthesized PIOMN
as characterized by scanning electron microscopy (SEM) analysis
sing a JSM-5600 LV microscope (JEO, Ltd., Japan). The sample com-
osition and element contents were analyzed by energy dispersive
nalysis system of X-ray (EDAX) using an EDX-GENESIS (EDAX, Ltd.,
SA). The Brunauer–Emmett–Teller (BET) specific surface area was
etermined by ASAP 2020 Accelerated Surface Area and Porosime-

ry System (Micromeritics Instrument Corporation; USA). The zeta
otential of PIOMN suspensions was measured using a Zeta Meter
.0 (Zeta Meter Inc.) equipped with a microprocessor unit. The
agnetic properties were characterized by magnetization curves
ournal 185– 186 (2012) 100– 107 101

using a HH-50 vibrating sample magnetometer in the condition of
sensitivity 20 mV.

2.4. Adsorption experiments

All batch experiments were carried out on a constant temper-
ature bath oscillator to vibrate at room temperature (25 ± 1 ◦C) at
120 rpm. The designed solution pH was  adjusted using 0.1 M NaOH
or HCl. After reaction, the PIOMN were separated from the solutions
using a permanent magnet, and the initial and final metal concen-
trations were determined by a Perkin-Elmer Analyst 700 AAS. The
equilibrium adsorption capacity (qe) was calculated according to
the following equation,

qe = (C0 − Ce)V
W

(1)

where qe is the equilibrium adsorption capacity (mg/g), C0 and Ce

are the initial and equilibrium liquid phase solute concentration
(mg/L), respectively, V is the liquid phase volume (L) and W is the
amount of adsorbent (g).

2.4.1. Kinetic experiments
Batch kinetic tests were conducted by mixing 150 mg  PIOMN

adsorbents with 150 mL  of Cu(II) aqueous solution with concentra-
tion of 100 mg/L at pH 5.00 ± 0.10 in 250 mL  flasks. Then, the flasks
were put on a constant temperature bath oscillator to vibrate. Sam-
ples were withdrawn at preselected time intervals ranging from
5 min  to 2 days and the residual metal concentrations were deter-
mined after magnetic separation.

2.4.2. Isotherms
Sorption isotherms were performed by mixing 20 mg  PIOMN

adsorbents with 20 mL  metal solutions with different initial
concentrations ranging from 10 mg/L to 1000 mg/L followed by
adjusting the solution pH to 5.00 ± 0.10. Then the flasks were put
on a constant temperature bath oscillator to vibrate for 24 h. After
reaction and subsequent separation, the final metal concentrations
in supernatant were measured.

2.4.3. Effect of PIOMN dosage
To investigate the effect of adsorbent dosage on the adsorp-

tion capacity, 20 mL  of 100 mg/L Cu(II) solution were adjusted to
pH 5.00 ± 0.10 in flasks, followed by addition of various amount of
adsorbents. After 24 h and magnetic separation, the residual metal
concentrations were analyzed.

2.4.4. Effect of pH
The effect of pH on adsorption capacity was conducted by mix-

ing 20 mg  PIOMN adsorbents with 20 mL  of 100 mg/L Cu(II) aqueous
solution with different pH value ranging from 2.16 to 5.73 under
vibrating condition for 24 h in oscillating water bath shaker. After
reaction and followed by magnetic separation, the residual metal
concentrations were determined.

2.4.5. Effect of ionic strength
To investigate the effect of ionic strength on adsorption capac-

ity, NaNO3 and Ca(NO3)2 with concentrations ranging from 0 to
0.2 mol/L were added to 100 mg/L Cu(II) solution at pH 5.00 ± 0.10

with the adsorbents dose of 1 g/L under vibrating condition for
24 h in oscillating water bath shaker. After reaction and subse-
quent magnetic separation, the residual metal concentrations were
determined.
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exchange mechanism. On the other hand, the measurable changes
in the peaks of the FTIR spectra at 1603 cm−1and 1402 cm−1
Fig. 1. SEM micrograph of PIOMN.

.5. Desorption and reusability

Desorption experiments were investigated using different solu-
ions involving EDTA, HCl, and NaOH. PIOMN adsorbent was
rst loaded with Cu(II) by mixing 20 mg  adsorbent with 20 mL
f 100 mg/L Cu(II) solution to vibrate for 24 h to reach equilib-
ium. The resultant suspensions were magnetically separated and
he final concentration of Cu(II) adsorbed on PIOMN adsorbent
as determined. Subsequently, the solid residue was  thoroughly
ashed with copious distilled water and mixed with 20 mL  of var-

ous eluants including EDTA, HCl, and NaOH at room temperature
25 ± 1 ◦C) under vibrating condition for 24 h. After reaction and
ubsequent magnetic separation, the remaining Cu(II) concentra-
ion in supernatant was measured.

. Results and discussion

.1. Characterization of PIOMN adsorbents

Fig. 1 showed the physical properties of the PIOMN adsorbents,
ncluding their morphologies and sizes. SEM image revealed that
IOMN adsorbents are nearly spherical in shape and 77 ± 5 nm in
iameter, and tend to agglomerate into larger aggregates, resulting

n a rough surface and porous structure. It was noted that the BET
pecific surface area of PIOMN adsorbents was 67.00 m2/g.

Infra red spectra were collected to investigate whether pectin
iomaterials bound to iron oxide nanoparticles and the Cu(II)
dsorption behavior. Many additional peaks occurred after pectin
inding to iron oxide nanoparticles, whereas few peaks appeared

n iron oxide nanoparticles without pectin coating, thus eluci-
ating the successful binding of pectin polymer on iron oxide
anoparticles (see Fig. 2(a) and (b)). The appearance of broad peak
t ∼3397 cm−1 was attributed to the O H stretching vibrations
16] and the peak at ∼580 cm−1 in both iron oxide nanopar-
icles and PIOMN adsorbents was resulted from the stretching
ibration of Fe O Fe in Fe3O4 [26]. For PIOMN adsorbents alone,
he peak at 1736 cm−1 was assigned to the C O stretches in
ree carboxylic acid [27]. The peaks at 1603 cm−1 and 1402 cm−1

ay  be caused by asymmetric and symmetric stretching vibra-
ions of carboxylic acids in ionic form ( COO−), respectively [28],
nd the peak at 1095 cm−1 indicated the stretching vibration

f C OH of alcoholic groups and carboxylic acids. The band at
016 cm−1 may  be due to the vibrations associated with the skele-
al rings of the sugar monomers of pectin [28]. Noticeably, the
eak at 1736 cm−1 disappeared after PIOMN adsorbents uptake
Fig. 2. FTIR spectra of Fe3O4 nanoparticles (a), FTIR spectra of PIOMN before loading
Cu(II) (b) and FTIR spectra of PIOMN after loading Cu(II) (c).

of Cu(II) (Fig. 2(c)). It was  documented that, one of the mech-
anism of pectin bounding heavy metal is ion exchange [20,29].
Thus, the disappearance of peak at 1736 cm−1 after copper uptake
in PIOMN can be explained that Cu(II) substituted the H(I) of

COOH and formed COO Cu complexation, confirming the ion
Fig. 3. EDAX spectra of PIOMN before and after loading Cu (II).
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Fig. 4. Magnetization curves of Fe3O4 nanoparticles and PIOMN.

ay  be due to the electrostatic interaction between Cu(II) and
COO−.

EDAX spectra of PIOMN adsorbents were collected before and
fter copper uptake (see Fig. 3). Results showed that copper peak
as absent for PIOMN adsorbents alone, but observable copper
eak was obtained while PIOMN adsorbents were laden with Cu(II),
onfirming the successful copper loading on the surface of PIOMN.

The measured saturation magnetization of PIOMN adsorbent

as 59.2 emu/g (depicted in Fig. 4), which was slightly less

han bare iron oxide nanoparticles (68.5 emu/g), but it was high
nough to separate from aqueous solution because saturation
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ig. 5. The influence of contact time on the amount of Cu(II) absorption by PIOMN(a), th
nd  intra-particle diffusion plots (d) for Cu(II) adsorption by PIOMN. (volume, 150 mL;  abs
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magnetization of 16.3 emu/g was sufficient for magnetic separation
with a conventional permanent magnet [30].

3.2. Adsorption kinetics

Results of sorption kinetics presented in Fig. 5(a) suggested that
Cu(II) removal mainly took place within the first 2 h, followed by a
slow increase of adsorption until the equilibrium was reached. In
order to investigate sorption kinetics, pseudo-first-order, pseudo-
second-order, and intra-particle diffusion models were applied to
fit our experimental data. A pseudo-first-order kinetic model is
given as the following equation,

log(qe − qt) = log qe − k1t

2.303
(2)

A pseudo-second-order kinetic model is also analyzed to fit the
data and given by,

t

qt
= 1

k2q2
e

+ t

qt
(3)

The intra-particle diffusion model equation is,

qe = kpt0.5 + C (4)

where qe and qt are the amounts of metal ions adsorbed on per
unit PIOMN at equilibrium and at time t, respectively (mg/g), k1
is the pseudo-first-order rate constant for the adsorption process
and can be obtained from the plots of log(qe − qt) against t, k2 is
the pseudo-second-order rate constant for the adsorption process
t p

particle diffusion rate constant and can be obtained from the slope
of straight-line portions of plot of qt against t0.5, and C is a constant
gained from the intercept of plot of qt against t0.5.
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e pseudo-first-order kinetic model (b), the pseudo-second-order kinetic model (c),
orbent dose, 150 mg;  initial concentration, 100 mg/L; pH, 5.00 ± 0.10; contact time,
5 ± 1 ◦C; agitation speed, 120 rpm.)
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Table 1
Kinetic parameters for Cu(II) adsorption onto PIOMN.

Pseudo-first-order Pseudo-second-order Intra-particle diffusion

qe,exp = 24.40 mg/g
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Table 2
Isotherm constants for Cu(II) adsorption onto PIOMN.

Langmuir model Freundlich model

qmax= 48.99 mg/g KF = 5.4601 mg/[g (mg/L)1/n]

qe,cal = 4.94 mg/g qe,cal = 24.33 mg/g kp = 1.7955 mg  h /g
k1 = 0.0012 h−1 k2 = 0.0016 g/(mg h) R2 = 0.9597
R2 = 0.5635 R2 = 0.9992

The results of linear forms of pseudo-first-order, pseudo-
econd-order and intra-particle diffusion kinetic models on the
xperiment data were presented in Fig. 5. Table 1 lists the
inetic parameters for Cu(II) removal by PIOMN adsorbents using
seudo-first-order, pseudo-second-order, and intra-particle diffu-
ion models. A linear relationship with high correlation coefficient
R2 = 0.9992) (given in Table 1) between t/qt and t was obtained,
ndicating the applicability of the pseudo-second-order model to
etter describe the adsorption process than pseudo first-order
odel (R2 = 0.5635). Therefore the rate-limiting step for removal

u(II) by PIOMN adsorbent may  be caused by chemical adsorption
31].

It was noticed that two  straight lines with different slopes can
e found in the linear of qe against t0.5 (Fig. 5(d)) revealing that the
dsorption process was obviously divided into two steps. The first
inear step was a very fast stage due to the boundary layer effect,
ollowed by the intra-particle diffusion step. Results showed that
he intraparticle diffusion was not the rate-controlling step because
t did not pass through the origin.

.3. Adsorption isotherms

In order to determine the sorption capacity of PIOMN adsorbent
oward Cu(II), sorption studies with initial concentrations ranging
rom 10 to 1000 mg/L were carried out. The equilibrium isotherms
or Cu(II) adsorption were given in Fig. 6. The two common adsorp-
ion models involving Langmuir model and Freundlich model are
idely used to describe the adsorption behavior. The Langmuir

quation is,

1
qe

= 1
qmbCe

+ 1
qm

(5)

here qe is the equilibrium adsorption capacity of adsorbent

oward Cu(II) (mg/g), Ce is the equilibrium Cu(II) concentration in
olution (mg/L), qm is the maximum capacity of adsorbent (mg/g),
nd b is the Langmuir adsorption constant pertaining to the energy
f adsorption (L/mg). The linear form of Freundlich equation, an

Ce  (mg/L)
120010008006004002000

q e
  (

m
g/

g)

0

10

20

30

40

50

Freundlich
Langmuir

ig. 6. Adsorption isotherm of Cu(II) adsorbed by PIOMN. (volume, 20 mL;
bsorbent dose, 20 mg;  initial concentration, 10–1000 mg/L; contact time, 24 h;
H  = 5.00 ± 0.10; temperature, 25 ± 1 ◦C; agitation speed, 120 rpm.)
b  = 0.0103 L/mg 1/n = 0.3179
R2 = 0.9799 R2 = 0.9881

empirical equation used to describe heterogeneous adsorption sys-
tems, can be represented by the following equation,

lnqe = lnKF + 1
n

lnCe (6)

where qe and Ce are defined as above, KF is Freundlich constant
(L/mg), and n is the heterogeneity factor. The values of qm and b
were calculated by the slope and intercept of the linear plot of 1/qe

versus 1/Ce, and the values of KF and 1/n  were obtained from the
slope and intercept of the linear plot of ln qe versus ln Ce. Table 2 lists
the correlation coefficients of Langmuir and Freundlich isotherms,
i.e., 0.9799 and 0.9881, respectively, thus revealing that the data
were well fitted both Freundlich and Langmuir equation, and
slightly better described by Freundlich isotherm. The adsorption
capacity of PIOMN toward Cu(II) was about 48.99 mg/g according
to Langmuir isotherm data. Noticeably, the pectin concentration
during the process of PIMON synthesis was the key parameter to
achieve suitable size distribution and optimal adsorption capacity
of the obtained nanostructures. Actually, we also prepared PIMON
nanostructures using pectin solution at different concentrations
(i.e., 0.5%, 1.5% and 2.0% (w/v)). Results show that the diame-
ter of PIOMN adsorbents were around 30 ± 4 nm,  80 ± 5 nm and
84 ± 10 nm for the PIOMN adsorbents prepared using 0.5%, 1.5%
and 2.0% pectin, respectively (displayed in Fig. S1 in supporting
information). Additionally, the prepared PIOMN adsorbents tended
to agglomerate into larger aggregates and showed reduced satura-
tion magnetization with increasing concentration of pectin added
during synthesis (see Figure S1 and S2 in supporting informa-
tion). We  also found that the adsorption capacities of PIMON
nanostructures were 46.19 mg/g, 39.73 mg/g and 38.66 mg/g for
the PIOMN adsorbents prepared using 0.5%, 1.5% and 2.0% pectin,
respectively (given in Figure S3 and Table S1 in supporting infor-
mation). The reason could be due to their different specific surface
areas and pectin contents. The specific surface area was 66.85 m2/g
and 12.19 m2/g for the PIOMN adsorbents prepared using 1.5%
and 2.0% pectin, respectively, which were smaller than that pre-
pared using 1% pectin (67.00 m2/g), thus demonstrating their lower
adsorption capacities. Although the specific surface area of PIOMN
adsorbent prepared using 0.5% pectin (84.97 m2/g) was  larger than
that prepared using 1% pectin, its adsorption capacity was rela-
tively lower because of its less content of pectin. Therefore, PIOMN
adsorbent prepared using 1.0% (w/v) pectin showed the best behav-
ior in terms of particle size distribution and adsorption capacity
and was  resultantly selected in this work during the synthe-
sis of PIMON nanostructure adsorbents. However, the amount of
Cu(II) adsorbed by bare iron oxide nanopartlcles was only about
11.00 mg/g under the same condition. As a consequence, PIOMN
adsorbent was much more effective in Cu(II) removal than bare
iron oxide nanopartlcles, confirming that pectin-coated iron oxide
nanoparticles greatly enhanced Cu(II) removal efficiency from
aqueous solution. In addition, the maximum adsorption capacity of
PIOMN toward Cu(II) (48.99 mg/g) was  much higher than previous
reported adsorbents, such as collagen–tannin resin (17.02 mg/g)
[32], Carboxymethylated-bacterial cellulose (12.63 mg/g) [33]. It

was  noted that the PIOMN adsorption capacity for Cu(II) in this
work was comparable to pectin-containing natural material, such
as the ionic treated orange peel (40.37 mg/g for MgOP; 59.77 mg/g
for KOP) [16], and sugar-beet pectin xerogels (from 34.80 to



J.-L. Gong et al. / Chemical Engineering Journal 185– 186 (2012) 100– 107 105

adsorbent dosage (g/L)
6543210

q e 
 (m

g/
g)

0

10

20

30

40

50

60

re
m

ov
al

  (
%

)

 0

20

40

60

80

100

Fig. 7. The relationship between PIOMN dosage and Cu(II) adsorbed by PIOMN.
(
i
2

5
p
b

3

t
P
a
P
b
d
u
c
a

3

t
a
R
f
t
s
a
c
s
t
c
t
t
o

T
E

-30

-25

-20

-15

-10

-5

0

5

10

109876543210

ze
ta

po
te

n�
al

(m
V

)

also indicated that the salt effect on Cu(II) toward PIOMN caused by
Ca(II) was more noticeable than Na(I), probably derived from the
same charge sign between Ca(II) and Cu(II).

g/
g)

15
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30
volume, 20 mL;  absorbent dose, 5 mg;  10 mg;  20 mg;  30 mg; 50 mg;  80 mg;  100 mg,
nitial concentration, 100 mg/L; contact time, 24 h; pH, 5.00 ± 0.10; temperature,
5 ± 1 ◦C; agitation speed, 120 rpm.)

8.00 mg/g depending on adsorbent dosage) [21]. However, the
ectin-rich natural materials as adsorbents suffered from low sta-
ility and separation inconvenience.

.4. Effect of PIOMN dosage

The plot of PIOMN amount versus the Cu(II) adsorption quan-
ities (Fig. 7) revealed that the percentage of Cu(II) adsorbed by
IOMN increased with increasing adsorbent load. Conversely, the
dsorption amount per unit of adsorbent decreased with increasing
IOMN amount. This observation can be explained that the num-
er of available adsorption sites increased by increasing adsorbent
ose, resulting in the increase of adsorbed Cu(II) amount, while
nsaturation of adsorption sites through the adsorption process
ontributed to the decrease in equilibrium uptake with increasing
dsorbent dose.

.5. Effect of pH

The effect of solution pH on Cu(II) uptake by PIOMN was inves-
igated at pH values ranging from 2.16 to 5.73. The amount of Cu(II)
dsorbed on PIOMN increased with increasing pH value (Table 3).
esults of PIOMN zeta potential at different pH values ranging

rom 2.07 to 9.25 (Fig. 8), elucidated that the isoelectric point of
he adsorbent was about 2.50, and that the charge sign on the
urface of PIOMN adsorbents was positive at pH < 2.50, and neg-
tive at pH > 2.50, with the higher pH value, the higher negative
harge density on PIOMN surface. Therefore, Cu(II) removal was
uppressed at lower pH value, possibly resulting from a compe-
ition between hydrogen and metal ions toward sorption sites. In

ontrast, Cu(II) removal was enhanced at higher pH value, due to
he increasing negative charge density on PIOMN surface, leading
o the increased adsorption of Cu(II). Thus, considering the evidence
f FTIR, we demonstrated that adsorption process in this work was

able 3
ffect of initial pH on Cu(II) adsorption onto PIOMN.

Initial pH Final pH qe (mg/g) qion-exchange

(mg/g)
qion-exchange/qe

(%)

2.16 2.15 10.50 5.16 49.14
3.08  2.95 18.30 9.29 50.77
4.02  3.25 21.30 14.94 70.14
4.88  3.31 26.00 15.25 58.65
5.73 3.80 29.40 15.01 51.05
pH

Fig. 8. Zeta potentials of PIOMN at various pH values.

partly attributed to electrostatic attraction. It was noted that the
pH value was ≤5.73 due to the formation of precipitation between
Cu(II) and too much hydroxyl ions.

It was noted that the solution pH value after PIOMN adsorbent
uptake of Cu(II) is lower than brfore (Table 3), which was  caused
by release of H(I) from PIOMN adsorbent surface, resultantly eluci-
dating ion exchange mechanism during Cu(II) adsorption process
between Cu(II) and H(I) of carboxyl acid on PIOMN surface.

3.6. Effect of ionic strength on Cu(II) adsorption

To investigate ionic strength effects on Cu(II) removal by PIOMN
adsorbent, sodium chloride and calcium chloride with varying con-
centrations were used (Fig. 9). The results showed a trend that
an increase in salt concentrations resulted in a decrease in Cu(II)
uptake by PIOMN. This trend indicated that the Cu(II) binding effi-
ciency on PIOMN adsorbent decreased when salt concentrations
increased in the presence of Cu(II), which was  attributed to the
competition between Cu(II) and cations involving Na(I) and Ca(II)
for available sites during sorption process. Additionally, the trend
salt c oncen tration  (mol/L )

0.00 .05 .10 .15 .20 .25

q e  (
m

0

5

10

CaCl2
NaCl

Fig. 9. Effect of salt concentration on adsorption of Cu(II) by PIOMN (volume,
20 mL;  absorbent dose,20 mg,  initial concentration, 100 mg/L; contact time, 24 h;
pH, 5.00 ± 0.10; temperature, 25 ± 1 ◦C; agitation speed, 120 rpm, salt concentration,
0-0.2 mol/L).
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Table 4
Desorption of Cu(II) from loaded PIOMN.

Eluant Concentration (mol/L) Desorbed (%)

EDTA 0.01 93.22
HNO3 0.1 59.61
NaOH 0.1 0
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Fig. 10. Reusability of PIOMN regenerated by 0.01 M EDTA. (Adsorption: volume,
20  mL;  absorbent dose, 20 mg,  initial concentration, 100 mg/L; contact time, 24 h;
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[
solutions using a cation-selective membrane, Sep. Purif. Technol. 22–23 (2001)
H, 5.00 ± 0.10; temperature, 25 ± 1 C; agitation speed, 120 rpm. Desorption: vol-
me, 20 mL;  absorbent dose, 20 mg;  contact time, 24 h; temperature, 25 ± 1 ◦C;
gitation speed, 120 rpm.)

.7. Desorption and reusability

Desorption behavior was studied using 0.01 M EDTA, 0.1 M
NO3, and 0.1 M NaOH as eluants (listed in Table 4). Results showed

hat desorption percentages for Cu(II) by 0.01 M EDTA and 0.1 M
NO3 were 93.70% and 59.61%, respectively. However, the amount
f metal ions desorbed from 0.1 M NaOH was negligible, indicating
elatively high stability of adsorbed Cu(II) on PIOMN under alka-
ine conditions, which was in accord with result described above
hat adsorption capacity of PIOMN increased at higher pH. Thus, the
ptimum eluant for desorption Cu(II) from PIOMN adsorbent was
.01 M EDTA derived from the formation of complex between EDTA
nd Cu(II). As a consequence, 0.01 M EDTA was selected to investi-
ate the reusability of PIOMN adsorbent for Cu(II) removal. Fig. 10
epicted the relationship between regeneration cycle numbers and
dsorption capacity of PIOMN. The value of cycle 0 was denoted
s the adsorption capacity of the original PIOMN. Obviously, the
dsorption capacity decreased with increasing regeneration cycle
umbers, remained 93.70% of its original capacity after the first
egeneration cycle, and still reached 58.66% of the original capac-
ty after the fifth cycle, resultantly, exhibiting good regeneration
esults and showing promise for reusability of PIOMN adsorbent
or Cu(II) removal.

. Conclusions

In this study, the preparation and adsorption potential of PIOMN
as investigated for the removal of Cu (II) from aqueous systems.

he system has been optimized to achieve suitable size distribu-
ion of the obtained PIOMN. The effects of contact time, initial Cu
II) concentrations, pH, adsorbent dosage and ions strength on the
dsorption process and desorption were discussed. FTIR spectra

lucidated the successful pectin coating on iron oxide nanoparti-
les surface. EDAX analysis provided the evidence for Cu(II) uptake
y PIOMN adsorbent. Adsorption kinetics was fitted with the

[

Journal 185– 186 (2012) 100– 107

pseudo-second-order model, and adsorption isotherms were
described by both Freundlich and Langmuir equation with
maximum adsorption capacity of 48.99 mg/g. The adsorption
mechanism of Cu(II) uptake in PIOMN adsorbent was  based on ion
exchange between hydrogen ions of free carboxylic acid in PIOMN
adsorbent and copper ions in solution, and electrostatic force
between Cu(II) and PIOMN adsorbent. Increasing salt concentration
resulted in a decrease in Cu(II) uptake by PIOMN. Desorption exper-
iments demonstrated that 0.01 M EDTA was an efficient eluant with
93.70% of Cu(II) released from PIOMN for the first regeneration cycle
and 58.66% for the fifth cycle. In conclusion, PIOMN is a promising
alternative for Cu(II) removal from wastewater because of its high
adsorption capacity and separation convenience.
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