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ABSTRACT

Magnetite nanoparticles are an exceptional adsorbent materials due to their magnetic properties and
good adsorption capacity. The aim of this work is to investigate the suitability of magnetite nanoparticles
for adsorption of heavy metal cation and its efficiency. Magnetic iron oxide nanoparticles were success-
fully prepared by a coprecipitation method followed by modification with 3-aminopropy] triethoxysilane
(APTES) and acryloyl chloride (AC) subsequently. Then the surface of modified nanoparticles was modified
by graft polymerization with acrylic acid. The grafted magnetite nanoparticles were next used for separa-
tion of heavy metal cations. The adsorption of heavy metal cations from aqueous solution by polyacrylic
acid grafted onto magnetite nanoparticles was studied too. The ability of heavy metal adsorption of these
nanoparticles for removal from aqueous solutions was measured with atomic absorption technique and
they showed their potential for the separation of heavy metal cations such as Cd?*, Pb?*, Ni** and Cu?*.
The obtained nanoparticles were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), vibrating sample magnetometer (VSM), Fourier transform infrared (FT-IR), thermogravimetric
analysis (TGA) and DSC analyses with the size ranging from 10 to 23 nm. The magnetite nanoparticles
exhibited superparamagnetism above 300 K and the saturation magnetization was 57.1 emu/g at 300 K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, magnetic nanoparticles (MNPs) have gained an
increasing interest because of their potential applications; exam-
ples include their uses for cell separation [1], magnetic resonance
imaging [2], drug delivery systems [3], protein separation [4],
and cancer treatments through hyperthermia [5]. The methods of
surface modification for MNPs usually include adsorption or con-
junction of polymers [6-9] and surface polymerization [10,11]. The
magnetic part is often an inorganic magnetic nanoparticle, such
as Fe;03, Fe30y4, etc. The polymer part, such as polyethylene [12],
polystyrene [13], starch [14], chitosan [15], etc. provides favourable
function to magnetic particles.

Several methods have been developed to prepare polymer coat-
ings on magnetite nanoparticles such as physical adsorption of
polymers, emulsion polymerization in the presence of nanoparti-
cles, and the so-called “grafting-to” and “grafting-from” methods
[16-19].

In addition, the application of magnetic particle technology to
solve environmental problems has received considerable atten-
tion in recent years. Magnetic particles can be used to adsorb

* Corresponding author. Tel.: +98 21 4458 0000; fax: +98 21 4458 0023.
E-mail address: a.mahdavian@ippi.ac.ir (A.R. Mahdavian).

1385-8947/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.02.041

contaminants from aqueous or gaseous effluents and, after adsorp-
tion, can be separated from the medium by a simple magnetic
field. Examples of this technology are the use of magnetite
particles to accelerate the coagulation of sewage [20], a magnetite-
coated functionalized polymer to remove radionuclides from milk
[21], poly(oxy-2,6-dimethyl-1,4-phenylene) for the adsorption of
organic dyes [22] and polymer-coated magnetic particles for oil
spill remediation [23]. Magnetic adsorbents can be used to adsorb
contaminants from aqueous effluents. After adsorption, the adsor-
bents can be separated from the medium by a simple magnetic
process [24]. Magnetic adsorbents are usually prepared by the
functionalization of magnetic particles through organic vapour
condensation, polymer coating, surfactant adsorption, and direct
silylation with silane coupling agents [25-27].

One of the interesting application of magnetic adsorbents is
in the fields of environmental engineering, bioseparation, and
biomedicine. Examples for environmental applications include
the use of activated carbon and clay magnetic composites
for the adsorption of contaminants in water [28,29], poly(1-
vinylimidazole)-grafted magnetic nanoparticles for the removal
of metal ions [25], removal of aluminium by alizarin yellow-
attached magnetic poly(2-hydroxyethyl methacrylate) beads [30],
polyacrylic acid (PAA) [31] and magnetic particles for enzyme
recovery [32]. With increasing industrial activities, wastewater
from many industries such as tannery, chemical manufacturing,
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mining, battery manufacturing industries, etc., contains toxic heavy
metals, which are dangerous and tend to accumulate in the living
organisms, causing various diseases and disorders. Chromium (Cr),
copper (Cu), cadmium (Cd) and nickel (Ni) are listed in the 11 haz-
ardous priority substances of pollutants [33]. Copper is the most
important and frequently used metal in industries such as plating,
mining and petroleum refining. The industries mentioned above
produce a great amount of wastewater and sludge containing a high
concentration of copper cations, which have negative effects on the
environment and water [34]. Cadmium and solutions of its com-
pounds are toxic and serious toxicity problems have been found
from long-term exposure and work with cadmium plating baths.
Finally, nickel sulphide fume and dust are recognized as having
carcinogenic potential. At the same time, the market for Ni-Cd bat-
teries has been growing significantly in recent years. It means that
there is enhanced potential for an increasing content of Ni and/or
Cd in water [35]. Nowadays, magnetically active polymeric par-
ticles and dual-zone sorbents have been prepared by dispersing
magnetite nanoparticles within the polymer phase and examined
for their performance in removing contaminants such as Cu, Zn, as
ions and dichlorophenol [36].

Moeser et al. [37] prepared magnetite nanoparticles (~7.5 nm)
coated with a bifunctional polymer layer (~9 nm in thickness), con-
sisting of an outer hydrophilic polyethylene oxide region and an
inner hydrophobic polypropylene oxide region. The nanoparticles
showed a high affinity to various synthetic organic compounds
(toluene, o-dichlorobenzene, and naphthalene, etc.) in contam-
inated water. However, the previous researches on magnetite
nanoparticle synthesis utilized commercial or reagent-grade chem-
icals as the iron source. High raw chemical costs could limit the
utilization of magnetite nanoparticles for full-scale environmental
engineering processes, since water or wastewater treatment usu-
ally entails large volumes of flow with a heterogeneous mixture
of pollutants. On the other hand, their remarkable separation effi-
ciency and ease of work have caused them be a developing subject
in recent years.

Iron oxide or Fe304 is ferrimagnetism (ferromagnetic). Ferri-
magnetism is a property exhibited by materials whose atoms or
ions tend to assume an ordered but non-parallel arrangement
in zero applied fields below a certain characteristic temperature
known as the Neel temperature (e.g., Fe304 and Fe3S,4). Above
the Neel temperature, the substance becomes paramagnetic. Size
reduction in magnetic materials resulting in the formation of
single-domain particles also gives rise to the phenomenon of
superparamagnetism. Briefly, superparamagnetism occurs when
thermal fluctuations or an applied field can easily move the mag-
netic moments of the nanoparticle away from the easy axis, the
preferred crystallographic axes for the magnetic moment to point
along [38].

The saturation magnetization (Ms) values found in nanostruc-
tured materials are usually smaller than the corresponding bulk
phases, provided that no change in ionic configurations occurs.
Accordingly, experimental values for Ms (i.e., magnetic satura-
tion) in magnetite nanoparticles have been reported to span the
30-50 emu/g, lower than the bulk magnetite value; 90 emu/g [39].
Many studies have been reported on the origin of the observed
reduction in magnetization in fine magnetic particles. Also, in mag-
netite fine particles, Varanda et al. [40] have reported a linear
correlation between saturation magnetization and particle size,
suggesting that defects at the particle surface can influence the
magnetic properties. The surface curvature of the nanoparticle was
much larger for smaller particle size, which encouraged disordered
crystal orientation on the surface and thus resulted in signifi-
cantly decreased Ms in smaller nanoparticles. Superparamagnetic
nanoparticles quickly respond to the applied external magnetic
field, and their remanence and coercivity are negligible. Hence,

when superparamagnetic nanoparticles are used in the field of bio,
undesirable particle agglomerations originated from the residual
magnetism can be avoided. Nanoparticles with superparamagnetic
properties have great potential to achieve such desirable proper-
ties.

Adsorption process combined with magnetic separation has
been used extensively in the processing of minerals and more
recently water treatment and environmental application [41]. Mag-
netite or iron ferrite had been used to separate a wide variety
of substances such as dissolved metal species, particulate mat-
ter, organic and biological materials. Magnetite has the ability to
remove heavy metals as reported by Kochen and Navratil [42] who
used a magnetic polymer resin for the removal of actinides and
other heavy metals from contaminated water.

In this work, superparamagnetite nanoparticles (MNPs) were
synthesized after optimization of conditions and modified subse-
quently with 3-aminopropyl triethoxysilane and acryloyl chloride.
Then the surface of modified nanoparticles was grafted with acrylic
acid. The grafted magnetite nanoparticles were next used for sep-
aration of heavy metal cations such as Ni2*, Cd?*, Cu?*, Pb?* and
the effect of several controling parameters such as residence time,
pH and temperature on the separation efficiency was investigated.
Also the reproducibility and recovery of adsorbent was checked to
show the efficiency of the separation process. The novelties of this
work, which might be of more interest are the high potential of such
nanoparticles in adsorption of the above heavy metal cations even
at very low concentrations and their reproducibilty after several
recycling periods.

2. Experimental
2.1. Materials

Ferric chloride hexahydrate (FeCl3-6H,0), ferrous chloride
tetrahydrate (FeCl,-4H,0), 3-aminopropyltriethoxysilane (APTES),
acryloylchloride (AC), acrylic acid (AA), dichloromethane (DCM),
potassium persulphate (KPS), ammonia, copper (II) sulphate, lead
(I) nitrate, nickel (II) nitrate, cadmium (II) nitrate, buffer solu-
tion (of sodium nitrite with pH 4) were all analytical grade from
Merck Chemical Co. They were used without any further purifi-
cation except for DCM that was dried over P,05 and distilled off.
Deionized (DI) water was used in all experiments.

2.2. Equipments

Fourier transform infrared (FT-IR) spectra were recorded on a
Bruker FT-IR Tensor27 spectrometer (Germany) with a resolution
of 4cm~1. A small amount of nanoparticle powder was milled with
KBr, and the mixture was pressed into a disk for analysis. Ther-
mogravimetric analysis (TGA) was carried out using Pyris TG/DTA
(PerkinElmer, USA) thermogravimetric analyzer at a heating rate
of 20°C/min under a flow of nitrogen atmosphere. The essen-
tial operations were carried out according to the manufacturer’s
instructions. The samples were weighed on a Shimadzu LIBRORE
AEU-210 analytical electrobalance to an accuracy of 0.0001 g for
this analysis. DSC analysis was done by DSC-Netsch (England) With
heating rate of 10°C/min at 50-200°C under N,. Size and mor-
phology of the samples were investigated by scanning electron
microscopy (SEM) with XL30 instrument from Philips Co. (The
Netherlands). 0.1 g of sample was dispersed in 10ml ethanol in
an ultrasound bath and a drop of this dispersion was placed on
a sample holder. After evaporation of ethanol, it was placed under
vacuum, flushed with Ar, evacuated, and sputter coated with gold
sputter coater, SCDOOS (BAL-TEC, Switzerland) for SEM analy-
sis. Magnetite dispersions were prepared in a KERRY Pulsatron
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(England) ulterasound bath with frequency of 38 kHz. Magnetic
properties of the particles were determined by vibrating sample
magnetometer (VSM) PAR-155 (USA). A small amount of sample
(powder) was weighed and placed on the probe and the magnetic
field was applied in the perpendicular direction to the sample sur-
face. X-ray diffraction (XRD) measurements were carried out with
Siemens D-5000 (Germany) using Cu Ko ray (A =1.54056 A) as the
radiation source, with a step size of 0.02° and a scan step time of
1s. The dgg1 basal-spacing of the samples were calculated using
the Bragg equation (d=A/2 sin 6, where A is the incident wavelength
(1.54056 A) and @ is the diffraction angle [10]). GBC-902/903 atomic
spectrophotometer (Spain) was used for determination of cations in
the aqueous solutions. The instrument was calibrated in the desired
concentration range for each cation (pH 8) to have proper accuracy
and precision. These ranges were 7.5-30, 6-25,0.2-1.8,2.5-20 ppm
for Cu?*, Ni2*, Cd2*and Pb2* respectively.

2.3. Synthesis of magnetite nanoparticles (MNPs)

Magnetite nanoparticles were prepared through coprecipita-
tion method. A solution of FeCls and FeCl, (1:2 molar ratio)
was prepared in a three-necked round bottom flask equipped
with mechanical stirrer, nitrogen gas inlet and dropping funnel.
The ammonia solution was added droppingly while the reaction
mixture was stirred at 1200 rpm. After 2h stirring at 85°C, the
obtained magnetite nanoparticles (black) were magnetically sep-
arated, washed with DI water (3 x 25 ml) and ethanol (2 x 30 ml)
and then dried under vacuum at 45°C. The yield of this step was
90.3%.

2.4. Synthesis of modified magnetite with APTES (m-MNPs)

The prepared MNPs were dispersed in ethanol (5g/1). 25 ml of
the above dispersion was diluted with 150 ml ethanol and the dis-
persing process proceeded with aid of ultrasound bath for 30 min.
4.31g (19.5mmol) APTES was added to the above dispersion and
stirred for 7 hatroom temperature. The product was separated with
centrifugation and magnetic field. After washing with ethanol and
drying at ambient condition, m-MNPs precipitates were collected
with 88.2% yield.

2.5. Preparation of acrylated m-MNPs (m-MNPs-AC)

2 g m-MNPs was dispersed in 10 ml dried DCM and 2 drops of
EtsN was added as the catalyst. A solution of 2 g AC in dried DCM
was prepared with 1:10 (v/v) and added to the above dispersion at
dropwise 0 °Cduring 30 min. Then stirring was continued at 0 °C for
2 h. The product was separated magnetically, washed with acetone
(5 x 25 ml)and dried under vacuum to give m-MNPs-AC with 79.8%.

2.6. Solution polymerization of AA in the presence of m-MNPs-AC

A three-necked round bottom flask equipped with mechanical
stirrer, condenser and nitrogen gas inlet in the water bath was filled
with 2.2% m-MNPs-AC, 14.6% AA, 83% DI water and 0.2% KPS. All
amounts are in weight percent. The solution polymerization was
performed at 70 °C with 500 rpm stirring speed for 6 h. The result-
ing product (m-PAA) was separated by an external magnetic field,
washed with 3 x 25ml DI water and dried at 45°C. m-PAA was
obtained in 63.5% yield with respect to the added reactants. In the
next step, m-PAA was converted to the corresponding sodium salt
(m-PAA-Na) with an aqueous solution of NaOH (1.5 M) by increas-
ing the pH of dispersion from 2.5 to 8.5.

2.7. Absorption of heavy metal cations by m-PAA-Na

Four heavy metal cations (Cd?*, Pb2*, Ni2*, Cu?*) were selected
for this experiment typically. 1 g m-PAA-Na was dispersed in 10 ml
DIwater. The above dispersion was added to each standard solution
of Cd2*, Pb%*, Ni?* and Cu?* with 1.8, 18, 18, 18 ppm concentration
respectively and pH was adjusted at 8 for all of them. The mixture
was stirred at 450 rpm and room temperature and the amount of
remained cation in the solution was measured by atomic absorption
technique after magnetic separation of the m-PAA-Na at different
time intervals.

2.8. Evaluation of the absorption capacity after recycling
m-PAA-Na

The separated magnetic particles in the above procedure (2.7)
were washed with an acidic buffer solution of NaNO, (pH 4). The
washing was continued until no trace of metal cation was observed
in the filtrate (measured by atomic absorption). Then the precip-
itate was dried at 40°C for 24 h and used again according to the
previous section. The weight loss of m-PAA-Na in each step of recy-
cling was about 7.9-12%.

3. Results and discussion

Magnetite nanoparticles were synthesized through coprecip-
itation method. These nanoparticles have the potential to be
surface-modified with functional compounds. Hence, the overall
synthetic route has been shown in Scheme 1.

The obtained product can be used as a magnetic cation
exchanger polyelectrolyte with the possibility of removal of heavy
metal cations as pollutants from aqueous solutions due to their high
tendency for dispersion in the aqueous media.

3.1. Synthesis and characterization

Structure of the synthesized compounds (MNPs, m-MNPs, m-
MNPs-AC and m-PAA) was characterized by FT-IR spectroscopy
(Fig. 1). This technique would be a reliable method for following
the variations in the functional groups.

The characteristic peak of magnetite (MNPs) is Fe-O stretch-
ing band at 580cm~! (Fig. 1a). The presence of absorbances at
3415 cm~! (N-H stretching), 1560 cm~! (N-H bending), 2926 cm~!
(C-H asymmetrical stretching), 2850 cm~! (symmetrical stretch-
ing), 1331cm~! (C-H bending), 1028 cm~! (Si-O stretching) and
1128 cm~1(C-N stretching) beside characteristic peak of magnetite
reveals the progress of condensation reaction between MNPs and
APTES (Fig. 1b). FT-IR spectrum of m-MNPs-AC has been shown

Transmittance%

ﬁuﬁcj

4000 3400 2800 2200 1600 1000 400
Wavenumbers cm™!

Fig. 1. FTIR spectra of the obtained magnetite nanoparticles (a) MNPs, (b) m-MNPs,
(c) m-MNPs-AC and (d) m-PAA.
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Scheme 1. Preparation of m-PAA-Na-coated magnetite nanoparticle.

in Fig. 1c. Plus to the previous peaks, an absorption has been
appeared at 1617 cm~! relating to the amide group stretching band.
In m-PAA, the newly formed carboxylic functionalities have been
appeared at 1714 cm~1(COO stretching).

XRD analysis was used to investigate the crystalline structure
of synthesized MNPs nanoparticles. Six characteristic peaks were
observed in the XRD pattern at 20 of 30.1°, 35.5°, 43.1°, 53.4°,
57.0° and 62.6° (Fig. 2). These are related to the {220}, {311},
{400}, {422}, {511} and {440} planes of Fe304 spinel struc-
ture. It was found that the magnetite crystallites are face-centered
cubic, a=b=c=8.396 A and Fd3m special group with a size range of
8 nm. The dominant crystal plane is 3 11 obtained from Scherrer’s
equation [43].

The morphology and size of Fe304 nanoparticles were studied
by SEM (Fig. 3). It seems that the particles are semispherical with
an average size of 10 nm (determined by a statistical measurement
and averaging of 50 particles, with particle size distribution of about
1.28). Their sizes are in correspondence with those obtained from
XRD analysis for crystallite structure.

The decrease in particle size will result in the increase in super-
paramagnetic properties [44-46]. Here, it was tried to optimize the
reaction conditions in a way to get the least particle size for obtain-
ing the best magnetic properties. It is noteworthy that the synthetic
conditions including type of the base, reaction temperature, stirring

speed and time were set in a way to have the desired characteristics
for the obtained MNPs.

VSM analysis confirms this claim (Fig. 4). Magnetometery anal-
ysis of the synthesized MNPs shows saturation magnetization (M)
of 57.1 +£ 1 emu/g, remanence magnetization (M;) of 1.8 emu/g and

100 +

80 1

Intensity %

o+ -
5 10 15 20 25 30 35 40 45 50 55 60 65 70
20°

Fig. 2. X-ray powder diffraction pattern of the prepared Fe;04 nanoparticles
(MNPs).
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Fig.3. SEM micrograph of magnetite nanoparticles with semispherical morphology.

coercivity (H¢) of 12.7 -1 Oe. These results prove the preparation
of superparamagnetic Fe;04 with M;/Ms=0.031.

TGA thermograms were used to identify the approximate
amounts of modifiers quantatively (Fig. 5). They were carried out
up to 600 °C to ensure the removal of organic volatile compounds.
The relative comparison between weight loss of each sample with

|t exo
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DSC /{mW/mg)
o
=
1

S
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Magnetization(emu/gr)

Applied filed(KOe)

Fig. 4. Magnetization curve of MNPs obtained from VSM analysis at room temper-
ature.
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Fig. 5. Thermogravimetric analysis of (a) MNPs, (b) m-MNPs, (¢) m-MNPs-AC and
(d) m-PAA.

the previous one shows the progress of modification reaction by
using the weight percent of residue. The weight loss or extent of
modification reaction (relative to the primary MNPs) for m-MNPs,
m-MNPs-AC and m-PAA were 6%, 10% and 62%, respectively.

0.6

-0.81

—

) 60 80 100

120 140 60 180 200

Temperature 'C

Fig. 6. DSC thermogram of the obtained m-PAA under N, atmosphere.
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Fig. 7. The changes in adsorption of different cations with residence time at room
temperature and pH 8.

These data show that coating and modification of MNPs with
polyacrylic acid has been performed successfully and they have
been bonded to each other chemically. This is an important result
in this work to anchor the polymeric modifier onto the magnetic
nanoparticles chemically instead of conventional physical adsorp-
tion.
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Fig. 8. The effect of pH on the adsorption of heavy metal cations at room tempera-
ture (stirring time: 20 min).

DSC analysis of m-PAA sample shows a glass transition temper-
ature (Tg) at about 90°C (Fig. 6), which is quite close to the T of
pure polyacrylic acid (106°C) [47]. This demonstrates the incor-
poration and fine dispersion of magnetite nanoparticles into the
PAA phase that has reduced the corresponding Tg of homopolymer.
This is convenient in organic-inorganic nanocomposite systems as
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Fig. 9. Adsorption of Ni%*, Cu?*, Cd2* and Pb?* as a function of temperature and residence time (pH 8).
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Fig. 10. The changes in adsorption of different cations with residence time and recycled sample (Recy) at room temperature and pH 8. Each number shows the recycling

times.

the nanoparticles are present between the polymeric chains and
facilitate their segmental motions.

3.2. Separation of heavy metal captions

Four different heavy metal cations, Cu%*, Pb2*, Ni2*tand Cd?*
were chosen for this investigation. These were selected due to
their high toxicity in the environment and pollutant effect in
the water. So their removal has been a main concern in recent
years. The separation procedure was set at low concentration of
cations and ease of performance to make it more applicable. For
the prepared cation solutions at the constant thermal, time and pH
conditions, the maximum adsorption capacity was found to be for
Pb2* and the minimum was for Cd2*. These results were obtained
from the adsorption curves versus time (Fig. 7). The concentra-
tion for each cation was selected as the minimum concentration
is the linear region of adsorption. It is notable that the adsorption
amount of cations on m-PAA-Na increases with the time and cation
concentration in the solution decreases until it is disappeared or
removed completely from the solution. This shows the high separa-
tion potential and efficiency of the synthesized polymeric-modified
magnetite nanoparticles.

The effect of pH of the solutions on cation separation was also
investigated (Fig. 8). The pH was regulated to the considered pH
in the range of 2-10 by HNOs3 (2.5 M) and NaOH (2 M) solutions.
The results show higher chelation tendency of m-PAA-Na at higher
pH rather than lower one. This was expectable as at lower pH,
the chelation site on m-PAA-Na was occupied with H* and they
were released at higher pH for originating the desired chelation. It
is also worth mentioning that their chelation tendency has linear
relationship with the increase in pH.

In another attempt, the effect of temperature on the efficiency of
cation adsorption was investigated (Fig. 9). It could be observed that
the amount of cation adsorption (by m-PAA-Na) increases with the
increase in temperature for all of them and at a constant residence
time, the cation separation is improved at higher temperatures.
These would be related to the higher mobility of m-PAA-Na chains
for performing required chelation due to the more accessibility of
the polyelectrolyte chains.

3.3. Reproducibility of cation separation by using of recycled
m-PAA-Na

Magnetite-bound polyelectrolytes (m-PAA-Na) were separated
after cation adsorption and the chelated cations were released
through washing with acidic buffer (pH 4). This was repeated sev-

eral times to ensure us about the absence of any adsorbed cation
by atomic absorption measurement of the filtrate.

The obtained recycled products were used for separation of two
cations (Ni2*and Cu?*) typically. The results for cation separation
have been given for Ni2*and Cu2* in Fig. 10.

The procedure was continued after 3 times of recycling and the
results reveal that the recycled products have preserved still their
capability for separation reasonably. The capacity of cation sepa-
ration is reduced in about 4-6% during each recycling period and
this shows the stability of m-PAA-Na network after separation and
recycling procedure. It could be concluded that the chemical bond-
ing between PAA and MNPs plays the major role in retaining the
capacity of the m-PAA-Na.

4. Conclusion

Magnetite nanoparticles were prepared by coprecipitation of
Fe2* and Fe3*with NH4OH, and then surface-modified with APTES.
Scanning electron microscopy shows the average size of 10 nm
for magnetite particles and powder X-ray diffraction shows the
spinel structure for these nanoparticles. FT-IR spectra indicate that
aminosilane molecules have been bound onto the surface of the
magnetite nanoparticles through Fe-O-Si chemical bonds. These
nanoparticles have the potential to be modified further with func-
tional compounds such as acryloyl chloride. Then they could be
used successfully as a magnetic cation exchanger with the possibil-
ity of removal of heavy metal cations from water solution through
surface polymerization with AA as anionic polyelectrolyte at high
pH. The effect of pH, residence time and temperature on cation
separation was investigated too. The advantage of this product is
its ease of separation by an external magnetic field and possibility
of simple recovery after washing with acidic aqueous solution. In
addition, efficient adsorption of heavy metal cations (Cd2*, Pb2",
Ni%* and Cu?*) at low concentrations is another benefit of these
particles. The capacity of cation separation is reduced in about 4-6%
during eachrecycling step and this shows the stability of m-PAA-Na
after separation and recycling process.
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