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bstract

A novel magnetic nano-adsorbent was developed by treating Fe3O4 nanoparticles with gum arabic to remove copper ions from aqueous solutions.
um arabic was attached to Fe3O4 via the interaction between the carboxylic groups of gum arabic and the surface hydroxyl groups of Fe3O4.
he surface modification did not result in the phase change of Fe3O4, while led to the formation of secondary particles with diameter in the

ange of 13–67 nm and the shift of isoelectric point from 6.78 to 3.6. The amount of gum arabic in the final product was about 5.1 wt%. Both the
aked magnetic nanoparticles (MNP) and gum arabic modified magnetic nanoparticles (GA-MNP) could be used for the adsorption of copper ions
ia the complexation with the surface hydroxyl groups of Fe3O4 and the complexation with the amine groups of gum arabic, respectively. The
dsorption rate was so fast that the equilibrium was achieved within 2 min due to the absence of internal diffusion resistance and the adsorption
apacities for both MNP and GA-MNP increased with increasing the solution pH. However, the latter was significantly higher than the former.
lso, both the adsorption data obeyed the Langmuir isotherm equation. The maximum adsorption capacities were 17.6 and 38.5 mg/g for MNP
nd GA-MNP, respectively, and the Langmuir adsorption constants were 0.013 and 0.012 L/mg for MNP and GA-MNP, respectively. Furthermore,
oth the adsorption processes were endothermic due to the dehydration of hydrated metal ions. The enthalpy changes were 11.5 and 9.1 kJ/mol
or MNP and GA-MNP, respectively. In addition, the copper ions could desorb from GA-MNP by using acid solution and the GA-MNP exhibited
ood reusability.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The environment and all the life on earth face a very serious
hreat as a result of heavy metal pollution due to rapid industrial-
zation and the increase in the world population. Unlike organic
ollutants, the majority of which are susceptible to biological
egradation, metal ions do not easily get converted into harm-
ess end products. The metals that cause serious concern include
r, Hg, Cu, Ni, Zn and Cd, which are commonly associated with
ollution and toxicity problems [1].

Many processes have been developed to curtail heavy
etal pollution, including chemical precipitation, electrode
eposition, solvent extraction, ion-exchange, activated carbon
dsorption and biological methods [2,3]. Among these methods,
dsorption has increasingly received more attention in recent
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ears because it is simple, relatively low-cost, and effective in
emoving heavy metal ions from wastewaters [4].

Nanotechnology has been considered as one of the most
mportant advancements in science and technology. Its essence
s the ability to fabricate and engineer the materials and sys-
ems with the desired structures and functionalities using the
ano-sized building blocks [5]. Nanoparticles are one of the
mportant building blocks in fabrication of nanomaterials. Their
asic properties, extremely small size and high surface-area-to-
olume ratio, provide better kinetics for the adsorption of metal
ons from aqueous solutions. However, for such an application,
t is necessary to use a method of purification that does not gener-
te secondary waste and involves materials that can be recycled
nd easily used on an industrial scale [6].

Magnetic separation has been shown to be a very promising

ethod for solid–liquid phase separation technique. To facili-

ate the recovery and manipulation of nanoparticles, magnetism
s incorporated with the nanoparticles. This makes magnetic
anoparticles excellent candidates for combining metal binding

mailto:chendh@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.01.079
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Fig. 1. Structure of gum arabic.

nd selective adsorption properties with ease of phase separa-
ion [7]. Numerous types of magnetic nanoparticles for various
pplications could be tailored by using functionalized natu-
al or synthetic polymers to impart surface reactivity. In this
ork, a novel magnetic nano-adsorbent was developed for the

dsorption of metal ions by the surface modification of Fe3O4
anoparticles with gum arabic (Fig. 1), which is a natural,
armless and environment friendly polymer containing active
unctional groups like carboxylate and amine groups [8,9]. The
ize, structure, and surface properties of gum arabic modified
agnetic nanoparticles (GA-MNP) were characterized by trans-
ission electron microscopy (TEM), X-ray diffraction (XRD),

eta potential meter, dynamic light scattering (DLS), Fourier
ransform infrared (FTIR) spectroscopy, and thermogravimetric
nalysis (TGA). The adsorption capability was demonstrated
sing copper ions as the model metal contaminant because of
heir extensive environmental impacts as well as strong Lewis
cid characteristics. The adsorption behavior and mechanism
ere investigated and compared to those for the naked Fe3O4
agnetic nanoparticles (MNP).

. Experimental
.1. Materials

Ferric chlorides, 6-hydrate was purchased from J. T. Baker
Phillipsburg). Ferrous chloride tetrahydrate were purchased

s
n
s
m

rdous Materials 147 (2007) 792–799 793

rom Fluka (Buchs). Ammonium hydroxide (29.6%) was sup-
lied by TEDIA (Fairfield). Gum arabic was purchased from
luka (Buchs). Copper nitrate was obtained from Riedel-deHaën
Seelze). The water used throughout this work was the reagent-
rade produced by a Milli-Q SP ultra-pure-water purification
ystem from Nihon Millipore Ltd., Tokyo. All other chemicals
ere of analytical grade and used without further purification.

.2. Fabrication of gum arabic modified magnetic
anoparticles

Fe3O4 nanoparticles were prepared by coprecipitating Fe2+

nd Fe3+ ions with ammonia solution and treating under
ydrothermal conditions according to our previous work
10,11]. The ferric and ferrous chlorides (molar ratio 2:1) were
issolved in water at a concentration of 0.3 M iron ions. Chem-
cal precipitation was achieved at 25 ◦C under vigorous stirring
y adding NH4OH solution (29.6%). During the reaction pro-
ess, the pH was maintained at about 10. The precipitates were
eated at 80 ◦C for 30 min, then washed several times with water
nd ethanol, and finally dried in a vacuum oven at 70 ◦C.

For the surface modification with gum arabic (GA), 1.0 g
f Fe3O4 nanoparticles were added into 100 mL of gum arabic
olution (5 mg/mL) in a stoppered bottle. The reaction mixture
as sonicated for 20 min and then mixed on a vortex mixer for
min and again sonicated for another 10 min. The resultant gum
rabic modified magnetic nanoparticles were recovered from the
eaction mixture by placing the bottle on a permanent magnet
ith a surface magnetization of 6000 G. They settled within
–2 min, then were washed three times with 100 mL of water,
nd finally dried in an air oven at 50 ◦C for 24 h and stored in a
toppered bottle for further use.

.3. Characterization

TEM analysis was carried out using a Hitachi Model H-7500
t 120 kV. The sample was obtained by placing a drop of colloid
olution onto a Formvar-covered copper grid and evaporated in
ir at room temperature. XRD measurement was performed on a
igaku D/max III.V X-ray diffractometer using Cu K� radiation

λ = 0.1542 nm). FTIR spectra were recorded on a Varian FTS-
000 FTIR spectrometer. The zeta potentials were measured on a
alvern ZEN2600 Zetasizer Nano Z. The hydrodynamic diam-

ter was measured by dynamic light scattering using a Malvern
utosizer 4700/PCS100 spectrometer equipped with an Ar ion

aser operating at 488 nm. TGA was done on the dried samples
n air with a heating rate of 10 ◦C/min on Shimadzu TA-50WSI
GA.

.4. Adsorption and desorption studies

The adsorption of copper ions by the magnetic nano-
dsorbents (MNP or GA-MNP) was investigated in aqueous

olutions at pH 2–6 and 300–340 K. In general, 25 mg of mag-
etic nano-adsorbent was added to 5 mL of copper nitrate
olution. After mixing by a shaker (200 rpm) for 5 min, the
agnetic nano-adsorbent was removed magnetically from the
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Fig. 2. Typical TEM image (a) and particle size distribution (b) of GA-MNP.
94 S.S. Banerjee, D.-H. Chen / Journal of

olution. The solution pH was adjusted by NaOH or HCl.
he concentrations of copper ions were measured using a
BC Avanta Atomic Absorption Spectrometer. Unless other-
ise specified, the absorption experiments were performed in

queous solution at pH 5.1, 300 K, and an initial copper ion
oncentration of 200 mg/L. Each experiment was repeated twice
nd the reproducibility was found to be fairly good. The error
ercentage was within 3%.

Desorption of copper ions was studied by placing 25 mg of
opper ions-loaded GA-MNP (prepared by shaking 25 mg of
A-MNP with 5 mL of 200 mg/L of copper nitrate solution for
min at pH 5.10) in 5 mL of HCl solutions (3.0, 2.0 or 1.5). After

tirring at 200 rpm for 30 min, the GA-MNP was removed and
he concentration of copper ions in liquid solution was measured
o estimate the amount of copper ions desorbed.

. Results and discussion

.1. Properties of gum arabic modified magnetic
ano-adsorbent

According to our previous work, the mean diameter of MNP
as about 13.2 nm [10]. However, the TEM image as shown in
ig. 2(a) indicated that GA-MNP had significantly larger parti-
le size than MNP, revealing the modification with gum arabic
esulted in the agglomeration of MNP. This might be due to the
igh molecular weight of gum arabic [8]. In spite of this, most
f the resultant secondary particles still had smaller diameters in
he range of 13–67 nm. The particle size distribution was indi-
ated in Fig. 2(b), from which the mean diameter was estimated
s 34.19 nm (±5.0%). The hydrodynamic diameter distribution
f GA-MNP was indicated in Fig. 3. It was found that the hydro-
ynamic diameter distribution was 21.7–86.4 nm with the rest
ccounting for less than 1.0%. The mean hydrodynamic diame-
er was found to be 36.8 nm, in roughly agreement with the TEM
mage.

Both the XRD analysis of MNP and GA-MNP indicated
ix characteristic peaks at 2θ = 30.1, 35.5, 43.1, 53.4, 57.0,
nd 62.6◦. They related to the (2 2 0), (3 1 1), (4 0 0), (4 2 2),
5 1 1), and (4 4 0) phases of Fe3O4, respectively, according
o the database in JCPDS file (PCPDFWIN v.2.02, PDF no.
5–1436). This revealed that the resultant nanoparticles were
ure Fe3O4 with a spinel structure. Also, the modification with
um arabic did not result in the phase change of Fe3O4.

The FTIR spectra of MNP, GA-MNP and gum arabic were
hown in Fig. 4. The main characteristic peaks of gum ara-
ic at 1049 and 1413 cm−1 (C–O stretch), 1612 cm−1 (C O
tretch and N–H bending), 2914 and 2995 cm−1 (C–H stretch),
nd 3000–3600 cm−1 (O–H stretch) were observed. As for the
bsorption band at 2360 cm−1, it was usually due the CO2 vibra-
ion. Noteworthily, although the presence of amine groups in
um arabic has been recognized [8], no significant and definite
bsorption bands for amine groups have been observed. Similar

esult was also obtained by Reis et al. [12]. The absorption band
t 1612 cm−1 may be due to the C O stretch and N–H bending,
o it cannot be considered as a definite evidence for the pres-
nce of amine. Furthermore, the absorption bands due to the Fig. 3. Hydrodynamic diameter distribution of GA-MNP.
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that the nanoparticles were spherical. Thus, the attachment of
gum arabic onto the surface of MNP in this work was achieved
at a molecular level.
Fig. 4. FTIR spectra of MNP (a), GA-MNP (b) and GA (c).

–H stretch for primary amine (usually at 3400–3500 cm−1)
nd secondary amine (usually at 3310–3350 cm−1) were also
nobvious. However, it is known that gum arabic is made up
f a high molecular weight glycoprotein and a lower molecular
eight polysaccharide, and the amount of glycoprotein is less

han that of polysaccharide [8]. So, the absorption bands due to
he N–H stretch might be covered by the broad absorption band
t 3000–3600 cm−1 due to the O–H stretch of polysaccharide.
his might explain why no significant absorption bands due to

he N–H stretch were observed in the FTIR spectra. In the case of
NP, the small absorption band at 2360 cm−1 should also be due

o the CO2 vibration. The broad absorption band at 3433 cm−1

ndicated the presence of surface hydroxyl groups (O–H stretch).
or the spectrum of GA-MNP, the significant absorption band at
360 cm−1 was due to the CO2 vibration as observed in the case
f gum arabic. The small absorption band at 1049 cm−1 was due
o the C–O stretch, revealing the binding of gum arabic on the
urface of MNP. Furthermore, it was noted that the intensity of
–H stretch at 3433 cm−1 for GA-MNP was lower than that for
NP. Also, the other characteristic peaks of gum arabic at 1413,

612 were too weak to be observed clearly. Both the facts sug-
ested there was an interaction between the carboxylic groups of
um arabic and the surface hydroxyl groups of Fe3O4 nanopar-
icles [9]. This interaction also accounted for the mechanism of
urface modification of MNP with gum arabic.

Since the surface charge state of gum arabic was quite dif-
erent from that of Fe3O4 nanoparticles, the analysis of zeta
otentials was further conducted to confirm the attachment of
um arabic surface onto the surface of Fe3O4 nanoparticles.
ig. 5 indicates the pH-dependences of zeta potentials for MNP
nd GA-MNP (0.1 mg/mL) in 0.01 M NaCl solutions at pH

.70–11.0. Obviously, both the zeta potentials of MNP and GA-
NP nanoparticles increased with the decrease in pH due to the

rotonation of the hydroxyl groups on MNP or the carboxyl and
mine groups of GA-MNP. It was obvious that the isoelectric
ig. 5. Zeta potentials of MNP (©) and GA-MNP (♦) at various pH values.

oint (pI) of MNP shifted from 6.78 to 3.60 after modification
ith gum arabic. This confirmed the attachment of gum ara-
ic onto the surface of MNP and revealed that GA-MNP was
ositively charged at pH < 3.60.

To estimate the amount of gum arabic attached onto the
urface of MNP, the thermogravimetric analysis of MNP and
A-MNP was conducted. As shown in Fig. 6, the TGA curve

howed that the weight loss for MNP over the temperature range
rom 30 to 500 ◦C was only about 2.0%. This could be referred
o the loss of residual water. On the other hand, for GA-MNP,
he TGA curve showed two weight loss steps. The first weight
oss step over the temperature range from 30 to 150 ◦C might be
ue to the loss of residual water in the sample. The weight loss
n the region of 200–330 ◦C should be resulted by the decom-
osition of gum arabic. There was no significant weight change
rom 330 to 500 ◦C, implying the presence of only iron oxide
ithin the temperature range. Accordingly, it was revealed that
um arabic indeed was attached onto the surface of MNP. Also,
rom the change of weight percentage in the TGA curves, it
ould be estimated that GA-MNP contained about 5.1% of gum
rabic. Since the density of Fe3O4 is 5.18 g/cm3 and the aver-
ge molecular weight of gum arabic was about 2.5 × 105 [8],
t could be estimated that averagely two gum arabic molecules
ere attached onto one Fe3O4 particle based on the assumption
Fig. 6. TGA curves of MNP (-) and GA-MNP (–) and GA (–·–).
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.2. Effect of contact time on adsorption of copper ions

The feasibility of GA-MNP as a magnetic nano-adsorbent
or the removal of heavy metal ions from aqueous solutions
as demonstrated using copper ions as a model compound. The

dsorption by MNP was also studied for comparison. First, the
ime required to achieve adsorption equilibrium was determined.
he typical experiments were conducted at pH 5.1, 300 K, and
n initial copper ion concentration of 200 mg/L. It was found
hat the adsorption equilibrium was reached within 2 min for
oth MNP and GA-MNP. Such a fast adsorption rate could be
ttributed to the external surface adsorption, which was different
rom the microporous adsorption process. Since nearly all the
dsorption sites of MNP and GA-MNP existed on their exterior,
t was easy for the adsorbate to access these active sites, thus
esulting in a rapid approach to equilibrium.

.3. Adsorption isotherms of copper ions

The equilibrium isotherms for the adsorption of copper ions
y MNP and GA-MNP at pH 5.1 and 300 K were shown in
ig. 7. The equilibrium data were fitted by Langmuir and Fre-
ndlich isotherm equations [13,14]. The Langmuir equation can
e expressed as:

Ce

qe
= Ce

qm
+ 1

qmKL
(1)

here qe is the equilibrium adsorption capacity of copper ions on
he adsorbent (mg/g), Ce the equilibrium copper ion concentra-
ion in solution (mg/L), qm the maximum capacity of adsorbent
mg/g), and KL is the Langmuir adsorption constant (L/mg). The
inear form of Freundlich equation, which is an empirical equa-
ion used to describe heterogeneous adsorption systems, can be
epresented as follows:

n qe = ln KF + 1
ln Ce (2)
n

here qe and Ce are defined as above, KF is Freundlich constant
L/mg), and n is the heterogeneity factor. The values of qm and
L were determined from the slope and intercept of the linear

ig. 7. Equilibrium isotherms for the adsorption of copper ions by MNP (©)
nd GA-MNP (♦).
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ig. 8. Langmuir isotherm illustrating the linear dependences of Ce/qe on Ce

a) and Freundlich isotherm illustrating the linear dependences of ln qe on ln Ce

b).

lots of Ce/qe versus Ce (Fig. 8(a)) and of values of KF and 1/n
ere determined from the slope and intercept of the linear plot
f ln qe versus ln Ce (Fig. 8(b)). It was found that the correla-
ion coefficients of Langmuir isotherm were 0.9878 and 0.9982
or MNP and GA-MNP, respectively, and those for Freundlich
sotherm were 0.9656 and 0.9036 for MNP and GA-MNP,
espectively. This revealed the data were fitted better by Lang-
uir equation than by Freundlich equation. Thus, the adsorption

f copper ions on the adsorbents obeyed the Langmuir adsorp-
ion isotherm. From the inset of Fig. 7, the qm values for MNP
nd GA-MNP were estimated to be 17.6 and 38.5 mg/g, respec-
ively, and the KL values for MNP and GA-MNP were calculated
s 0.013 and 0.012 L/mg. The adsorption capacity of GA-MNP
or copper ions was comparatively higher than some of the
olymer-based adsorbents recently reported. For example, the
dsorption capacity of copper ions on the polystyrene-supported
iethanolamine-typed dendrimer as reported by Sun et al. [15]
as 20.73 mg/g, and those for the aminated polyacrylonitrile
bers and chitosan-bound Fe3O4 nanoparticles as reported by
eng et al. [16] and Chang et al. [17] were 31.45 and 21.50 mg/g,

espectively.
In addition, Fig. 7 indicates obviously that GA-MNP was

ore effective in the removal of copper ions than MNP. The

mount of copper ions adsorbed per gram of GA-MNP was
ore than twice that of MNP, revealing the modification with

um arabic indeed could enhance the adsorption capability. The
orresponding adsorption mechanisms will be discussed later.
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Fig. 9. Effects of temperature on the adsorption of copper ions by MNP (©)
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nd GA-MNP (♦). The inset is the plots of ln(qe/Ce) against 1/T for MNP (©)
nd GA-MNP (♦).

.4. Effect of temperature on adsorption of copper ions

The effects of temperature on the adsorption of copper ions
y MNP and GA-MNP were investigated at pH 5.1, 300–340 K,
nd an initial copper ion concentration of 200 mg/L. As shown
n Fig. 9, the adsorption capacities for MNP and GA-MNP
ncreased with the increase in temperature, revealing both the
dsorption processes were endothermic. One possible explana-
ion was that the metal ions were well hydrated. They have to
ose part of hydration sheath in order to be adsorbed. This dehy-
ration process of metal ions needed energy and superseded the
xothermicity of the ion adsorption on the surface [18]. The plot
f ln(qe/Ce) versus 1/T was indicated in the inset of Fig. 9. From
he slope (−�H/R), the changes of enthalpy (�H) at 300–340 K
ould be determined to be 11.5 and 9.1 kJ/mol for MNP and
A-MNP.
In addition, the stability of GA-MNP magnetic nanoparticle

t high temperature (340 K) was also studied by agitating the
anoparticle in distilled water for 60 min and then analyzing the
mount of gum arabic present on the surface of MNP by TGA. It
as found that the amount of gum arabic present on the surface
f MNP after heat treatment had no significant loss, revealing
he GA-MNP was highly stable in the examined temperature
ange.

.5. Effect of pH on adsorption of copper ions

The effects of solution pH on the adsorption of copper ions
y MNP and GA-MNP were investigated at pH 2–6, 300 K, and
n initial copper ion concentration of 200 mg/L. As shown in
ig. 10, almost no adsorption of copper ions took place on MNP
nd GA-MNP when pH < 2, probably due to the significant com-
etitive adsorption of hydrogen ions. At pH 2–6, the adsorption
apacities increased with the increase in pH for both MNP and

A-MNP. Since the zeta potentials were positive at pH < 6.78

or MNP and pH < 3.60 for GA-MNP, the adsorption mecha-
isms for MNP and GA-MNP should be different and might be
omplex. Further discussion was given below. The adsorption

t
E
c
E

ig. 10. Effects of solution pH on the adsorption of copper ions by MNP (©)
nd GA-MNP (♦).

tudies at pH > 6 were not conducted because of the precipitation
f Cu(OH)2 from the solution [19].

.5.1. Mechanism of copper ion adsorption on GA-MNP
The change in the adsorption characteristics with solution

H (Fig. 10) may be more clearly explained by the following
quations, which depict the major characteristic reactions that
an take place at the solid-solution interface of GA-MNP:

NH2 + H+ = –NH3
+ (3)

NH2 + Cu2+ → –NH2Cu2+ (4)

NH2 + OH− = –NH2OH− (5)

–NH2OH− + Cu2+ (or CuOH+)

= –NH2OH−· · ·Cu2+(or –NH2OH−· · ·CuOH+) (6)

The protonation and deprotonation reactions of the amine
roups of GA-MNP in the solution was indicated by Eq. (3). Eq.
4) shows the formation of surface complexes of copper ions with
he amine groups, and Eq. (5) describes the adsorption of OH−
ons from the solution through hydrogen bond at high pH values
20]. The reaction in Eq. (3) favored the protonation of the amine
roups to form –NH3

+ at lower pH values. With the conversion of
ore –NH2 groups to –NH3

+, there were only fewer –NH2 sites
vailable on the GA-MNP surface for Cu2+ adsorption through
q. (4). Moreover, the electrostatic repulsion between the Cu2+

nd the surfaces of the GA-MNP increased with the formation of
ore –NH3

+ sites on the surface. All these effects would result in
he reduction of Cu2+ adsorption on the GA-MNP with decreas-
ng solution pH values. On the other hand, with the increase of
olution pH, the reaction in Eq. (3) proceeded to the left, resulting
n an increase of the number of –NH2 sites on the surface of GA-

NP for copper ion adsorption through Eq. (4), thus increasing
he adsorption capacity. At higher solution pH, the reaction in
q. (5) might proceed. This reaction on one hand could reduce
he adsorption of copper ions through surface complexation in
q. (4), but on the other hand might increase the adsorption of
opper ions through the electrostatic attraction as indicated in
q. (6).
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.5.2. Mechanism of copper ion adsorption on MNP
The most abundant surface functional group participating in

he reactions on oxide surfaces is the hydroxyl group, which
s amphoteric and reactive. Depending on the solution pH, the
xide surface can act as a weak acid or base and gain or lose
roton (i.e., it can undergo protonation or deprotonation) [2].
herefore, the following reactions are expected to occur at the
urface of MNP in the pH region of 2.0–6.0.

FeO− + H+ = –FeOH (7)

FeOH + H+ = –FeOH2
+ (8)

here FeOH represents a singly protonated oxide site. The above
eactions revealed that increasing the concentration of depro-
onated surface oxide sites increased the adsorption capacity
f cations that proposed to occur according to the following
eactions.

mFeOH + Cu2+ = –(Fe–O)mCu(2 − m)+ + mH+ (9)

here –FeOH is the surface hydroxyl site. At low pH, –FeOH2
+

s the dominating surface species and hence the surface has high
ositive charge density which make the adsorption of copper
ons unfavorable due to the strong electrostatic repulsion. So,
lmost no copper ions were adsorbed at pH ≤ 2. With increasing
H, zeta potential decreased and –FeOH became the dominating
pecies. Thus, the removal of copper ions from the aqueous
olution could be achieved through an ion exchange process as
hown in Eq. (9).

.6. Desorption and reusability studies

For potential practical applications, the regeneration and
euse of an adsorbent are important. From the pH study, it has
een found that the adsorption of copper ions on GA-MNP at
H ≤ 2.0 was negligible. This suggested that desorption of cop-
er ions from GA-MNP was possible around pH 2.0. Therefore,
Cl solutions of different pH (3.0, 2.0 and 1.5) were used to

xamine the desorption study. It was found that the desorp-
ion percentages were 81, 92, and 93% in the HCl solutions
f pH 3.0, 2.0, and 1.5, respectively. The higher desorption effi-
iency at lower pH value could be referred to the sufficiently high
ydrogen ion concentration, which led to the strong competitive
dsorption.

The reusability of GA-MNP as an adsorbent was also stud-
ed after the desorption process. The reusability was checked
y following the adsorption–desorption process for three cycles
nd the adsorption efficiency in each cycle was analyzed. The
dsorption process was followed by shaking 25 mg of GA-
NP in 5 mL of 200 mg/L copper ion solution at pH 5.10

or 5 min at 200 rpm. The desorption study was conducted
n the HCl solution at pH 2.0 as mentioned above. It was

ound that the adsorption capacities were 28.12, 27.64 and
7.18 mg/g in the first, second and third adsorption–desorption
ycles, respectively. Thus, the GA-MNP adsorbent can be
eused almost without any significant loss in the adsorption
erformance.
rdous Materials 147 (2007) 792–799

. Conclusions

A novel magnetic nano-adsorbent was fabricated by modi-
ying the surface of Fe3O4 nanoparticles with gum arabic. The
EM, DLS, and XRD analysis indicated the surface modifica-

ion resulted in the agglomeration of Fe3O4 nanoparticles to
orm the secondary particles with diameters in the range of
0–50 nm, which did not change the spinel structure of Fe3O4.
TIR analysis demonstrated the attachment of gum arabic on the
urface of Fe3O4 nanoparticles was achieved via the interaction
etween the carboxylic groups of gum arabic and the surface
ydroxyl groups of Fe3O4. Zeta potential analysis confirmed
he binding of gum arabic on the surface of Fe3O4 nanoparticles
nd revealed the shift of isoelectric point from 6.80 to 3.60 after
urface modification. With the help of TGA analysis, the amount
f gum arabic in the final product was determined to be about
.1 wt%. Further calculation indicated the binding was achieved
t a molecular level, averagely two gum arabic molecules were
ound to one Fe3O4 particle. Both MNP and GA-MNP were
uite efficient as a magnetic nano-adsorbent for the fast removal
f copper ions from aqueous solutions due to high specific sur-
ace area and the absence of internal diffusion resistance. The
ime required to achieve the adsorption equilibrium was only
min. The adsorption capacity of GA-MNP was significantly
igher than that of MNP, and the adsorption capacities for both
NP and GA-MNP increased with the increase of solution pH.

he adsorption of copper ions on the surface of GA-MNP could
e attributed to the surface complexation because of the pres-
nce of amine groups of gum arabic, while the adsorption on the
urface of MNP was mainly resulted by the surface hydroxyl
roups of iron oxide. Both the adsorption data followed the
angmuir isotherm equation. The maximum adsorption capac-

ties and Langmuir adsorption constants were 17.6 mg/g and
.013 L/mg for MNP and 38.5 mg/g and 0.012 L/mg for GA-
NP, respectively. Because of the dehydration of hydrated metal

ons, the adsorption process was endothermic with the enthalpy
hanges of 11.5 and 9.1 kJ/mol for MNP and GA-MNP, respec-
ively. In addition, acid solutions at pH ≤ 2 was suitable for the
esorption of copper ions and the reusability of GA-MNP was
ood. This novel product should be useful for the fast removal
f heavy metal cations.
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