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ABSTRACT: Magnetic polymethylmethacrylate (mPMMA) microbeads carrying ethylene
diamine (EDA) were prepared for the removal of heavy metal ions (i.e., copper, lead,
cadmium, and mercury) from aqueous solutions containing different amount of these ions
(5–700 mg/L) and at different pH values (2.0–8.0). Adsorption of heavy metal ions on the
unmodified mPMMA microbeads was very low (3.6 mmol/g for Cu(II), 4.2 mmol/g for Pb(II),
4.6 mmol/g for Cd(II), and 2.9 mmol/g for Hg(II)). EDA-incorporation significantly increased
the heavy metal adsorption (201 mmol/g for Cu(II), 186 mmol/g for Pb(II), 162 mmol/g for
Cd(II), and 150 mmol/g for Hg(II)). Competitive adsorption capacities (in the case of
adsorption from mixture) were determined to be 79.8 mmol/g for Cu(II), 58.7 mmol/g for
Pb(II), 52.4 mmol/g for Cd(II), and 45.3 mmol/g for Hg(II). The observed affinity order in
adsorption was found to be Cu(II) . Pb(II) . Cd(II) . Hg(II) for both under noncompetitive
and competitive conditions. The adsorption of heavy metal ions increased with increas-
ing pH and reached a plateau value at around pH 5.0. The optimal pH range for heavy-
metal removal was shown to be from 5.0 to 8.0. Desorption of heavy-metal ions was
achieved using 0.1 M HNO3. The maximum elution value was as high as 98%. These
microbeads are suitable for repeated use for more than five adsorption-desorption cycles
without considerable loss of adsorption capacity. © 2000 John Wiley & Sons, Inc. J Appl Polym
Sci 78: 81–89, 2000
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INTRODUCTION

Heavy metals released into the environment af-
fect ecological life owing to their tendency to ac-
cumulate in living organisms.1 Heavy metals

such as lead, mercury, arsenic, copper, and cad-
mium are highly toxic metals when absorbed into
the body. They can cause accumulative poisoning,
cancer, brain damage, etc.2 These heavy metals
are released into the environment in a number of
different ways. Coal combustion, sewage waste
waters, automobile emissions, battery industry,
mining activities, and the utilization of fossil fuels
are just a few examples.3 Among the various
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methods described, adsorption is generally pre-
ferred for the removal of heavy metal ions due to
its high efficiency, easy handling, availability of
different adsorbents, and cost effectiveness.4 The
necessity to reduce the amount of heavy metal
ions in wastewater streams, and subsequent pos-
sible re-use of these metal ions, has led to an
increasing interest in selective sorbents.5

The development of the magnetic carriers as a
sorbent in chromatography promises to solve
many of the problems associated with chromato-
graphic separations in packed-bed and in conven-
tional fluidized-bed systems.6 Magnetic carriers
combine some of the best characteristics of fluid-
ized beds (low-pressure drop and high-feed-
stream solid tolerances) and of fixed beds (ab-
sence of particle mixing, high-mass transfer
rates, and good fluid-solid contact).7 Recently,
there has been increased interest in the use of
magnetic carriers in the removal of heavy met-
als.3 Magnetic carriers can be produced using in-
organic materials or a number of synthetic and
natural polymers. High mechanical resistance,
insolubility, and excellent shelf life make inor-
ganic materials ideal carriers. The main disad-
vantage of inorganic supports is their limited
functional groups for complexation with metal
ions. Magnetic carriers can be porous or nonpo-
rous.8–13 Magnetic carriers are more commonly
manufactured from polymers because they have a
variety of surface functional groups that can be
tailored to use specific applications.8 Poly(vinyl
butyral),9 polyethylene glycol,10 polyvinyl alco-
hol,11 polyacrylamide,12 and alginate13 are typical
polymeric carriers that are used in heavy-metal
removal.

In the present study, we have focused our at-
tention on the development of magnetic polym-
ethylmethacrylate (mPMMA) microbeads carry-
ing ethylene diamine (EDA) for removal of heavy
metal ions. The four metals selected in this study
were copper, lead, cadmium, and mercury be-
cause of their environmental significance.
mPMMA microbeads was prepared by modified
solvent evaporation method. Ester groups in the
mPMMA structure were converted to amino
groups by reacting with EDA in the presence of
p-toluenesulfonic acid as a functional groups
where coordination complexes with heavy metals
can be formed. The present work deals with prep-
aration and characterization of mPMMA mi-
crobeads, and potential for their use in heavy
metal adsorption/desorption studies.

EXPERIMENTAL

Preparation of mPMMA Microbeads

Polymethylmethacrylate microbeads were prepared
as in a previous paper.14 In order to prepare
mPMMA microbeads the following modified solvent
evaporation procedure was applied. The proper
amount of PMMA was dissolved in chloroform
(BDH, UK) and magnetite Fe3O4 (diameter: 5.0 mm,
Sigma Chem. Co., USA) was added very quickly and
mixed very well. Then this mixture was transferred
immediately into the distilled water as the disper-
sion medium containing the proper amount of emul-
sifier (polyvinylalcohol, Merck, sodium dodecyl sul-
fate, Sigma, and Pluronic F6800, Basf). This poly-
mer solution was transferred into the glass
polymerization reactor (volume: 1 L) and stirred
with a mechanical stirrer for 16 h at 20°C. The
stirring rate was 700 rpm. After allowing the sol-
vent to evaporate, magnetite particles (Fe3O4) com-
pletely encapsulated in polymeric structure. Poly-
merization recipe was given in Table I Tyler series
sieves were used to separate the microbeads has the
diameter between 100–200 mm.

EDA-Incorporated mPMMA Microbeads

In order to prepare the EDA-modified magnetic mi-
crobeads the following procedure was applied. A
20 g sample of dry magnetic microbeads was
weighed and transferred into the benzene (Carlo
Erba, Italy)-EDA (BDH, England) solution mixture
(60 mL/10 mL) containing 300 mg of p-toluene-sul-
phonic acid (Sigma). This reaction medium was
boiled in Dean-Stark apparatus at reflux for re-
moval of water. EDA-coupling process was carried
out under nitrogen atmosphere at room tempera-
ture for 48 h. At the end of this reaction period, the
EDA-incorporated microbeads were removed by fil-
tration and washed with methanol several times
and then dried in vacuum at room temperature for
24 h. Chemical coupling reaction between the mag-
netic polymer and EDA is as follows:

Table I Polymerization Recipe

Polymethylmethacrylate 20.0 g
Chloroform 100 mL
Polyvinylalcohol 4.0 g
Sodiumdodecyl sulfate 2.0 g
Pluronic PE 6800 5.0 mL (%6, v/v)
Magnetite 0.50 g
Distilled Water 400 mL

82 DENIZLI, ÖZKAN, AND ARICA



Microbead Characterization

Analysis of Magnetism

The degree of magnetism the PMMA microbeads
was measured in a magnetic field by using a vi-
brating-sample magnetometer (Princeton Applied
Research Corporation, New Jersey, USA). The
presence of magnetite in the polymeric structure
was investigated with ESR spectrophotometer
(EL 9, Varian).

Scanning Electron Microscopy

In order to observe the surface topography of the
mPMMA microbeads, scanning electron micro-
graphs of the gold-coated samples were taken
with a scanning electron microscope (SEM) (Mod-
el: Raster Electronen Microscopy, Leitz-AMR-
1000, Frankfurt, Germany).

FTIR Studies

FTIR spectra of the unmodified and ethylene dia-
mine-incorporated mPMMA microbeads were ob-
tained by using a FTIR spectrophotometer (FTIR
8000 Series, Shimadzu, Tokyo, Japan). The dry
mPMMA microbeads (about 0.1 g) was thoroughly
mixed with KBr (0.1 g, IR Grade, Merck, Germa-
ny), and pressed into a pellet form and the spec-
trum was then recorded.

Elemental Analysis

The amount of ethylene diamine incorporated to
the mPMMA microbeads was determined from
the elemental-analysis device (Leco, Chicago,
CHNS-932, USA).

Heavy Metal Adsorption/Desorption

Heavy metal adsorption from the single metal
aqueous solutions was investigated in batch ad-
sorption-equilibrium experiments. Effects of the
initial concentration of metal ions and pH on the
adsorption capacity were studied. 20 mL of aque-
ous metal ion solutions with different concentra-
tions (in the range of 5–700 mg/L) were treated

with the unmodified and EDA-incorporated
mPMMA microbeads at room temperature. Ad-
sorption flasks were agitated magnetically at 600
rpm. The suspensions were brought to the desired
pH for each metal by adding sodium hydroxide
(NaOH) and hydrochloric acid (HCl). The pH was
maintained in a range of 6 0.1 Units until equi-
librium was attained. Investigations were made
for pH values in the range of 2.0–6.0 for copper
and 8.0 for lead, cadmium, and mercury. In all
experiments, polymer concentration was kept
constant at 250 mg/20 mL. Blank trials without
polymeric microbeads addition were performed
for each tested metal concentration. After the pre-
determined adsorption time (60 min), the mi-
crobeads were separated from the adsorption me-
dium, and analyses for heavy metal ions in the
aqueous phase was performed using a graphite
furnace atomic absorption spectrophotometer
(AAS, GBC 932 AA, Victoria, Australia). Hg(II)
concentration was determined by AAS connected
to a hydride generator (GBC HG3000). Each sam-
ple was read three times, and a mean value and
relative standard deviation was computed. Cali-
brations were performed in the range of analysis,
and a correlation coefficient for the calibration
curve of 0.98 or greater was obtained. The instru-
ment response was periodically checked with
known metal solution standards. The molar ad-
sorption capacity (mmol/g dry microbead) is de-
fined as the ratio of the adsorption of heavy metal
ions (mmol) to the dry weight of the microbeads
(g).

Competitive adsorption of heavy metal ions
from their mixture was also investigated in batch-
wise form. A solution (20 mL) containing 50 mg/L
from each metal ions was treated with the EDA-
incorporated mPMMA microbeads at a pH of 7.0
at room temperature, in the flasks agitated mag-
netically at 600 rpm. Adsorption process was car-
ried out for 60 min. After adsorption, concentra-
tion of the metal ions in the supernatant was
obtained by an atomic absorption spectrophotom-
eter.

In order to determine the reusability of the
EDA-incorporated mPMMA microbeads, consecu-
tive adsorption-desorption cycles were repeated
five times by using the same affinity microbeads.
Desorption of heavy metal ions was performed by
using 0.1 M HNO3 solution. The mPMMA mi-
crobeads loaded heavy metal ions were placed in
this desorption medium and stirred at 600 rpm
for 30 min at room temperature. The final metal
ion concentration in the aqueous phase was de-
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termined by using an atomic absorption spectro-
photometer. The desorption ratio was calculated
from the amount of metal ions adsorbed on the
microbeads and the final metal ions concentration
in the desorption medium.

RESULTS AND DISCUSSION

Properties of PMMA Microbeads

The presence of magnetite particles in the PMMA
structure was confirmed by the electron spin res-
onance (ESR). After the EDA attachment, the
intensity of the magnetite peak did not change
anymore. A peak of magnetite (i.e., Fe3O4 fine
particles) was detected in the ESR spectrum as
shown in Figure 1. The behavior of magnetic mi-
crobeads in a magnetic field using a vibrating
magnetometer was given in Figure 2 in terms of
electromagnetic unit (emu), which is related to
the intensity of magnetization of the sample vs

applied magnetic field. In this ESR spectra, 3000
Gauss magnetic field was found sufficient to ex-
cite all of the dipole moments of 1.0 g polymer
sample that consists of magnetite. After EDA in-
corporation, the intensity of the magnetization of
the sample is affected with the applied magnetic
field. This value will be an important design pa-
rameter for a magnetically fluidized bed or for
magnetic filtration system using these mi-
crobeads. The value of this magnetic field is a
function of the flow velocity, particle size, and
magnetic susceptibility of solids to be removed. In
the literature, this value changes from 8 kG to 20
kG for various applications, thus our magnetic
microbeads will need less magnetic intensity in a
magnetically fluidized bed or for a magnetic filter.

Figure 3 shows the SEM micrograph of the
mPMMA microbeads. As clearly seen, the mag-
netic microbeads have a spherical form and rough
surface due to the abrasion of magnetite crystals
(diameter , 5 mm) during the encapsulation and
polymerization procedure. These surface proper-
ties of the magnetic microbeads would favor bet-
ter adsorption of the heavy metal ions due to
increase in surface area. It should be also men-
tioned that nonmagnetic microbeads were in uni-
form and spherical form with smooth surface
characteristics.

Ester groups in the mPMMA structure were
converted to amino groups by reacting with eth-
ylene diamine as a metal-complexing group in the
presence of p-toluenesulfonic acid for heavy metal
adsorption. The main problem in surface modifi-
cation is to prevent deformation and/or destruc-
tion of microbeads. If there is any deformation,
encapsulated magnetites (i.e., iron particles) can
easily release from the polymeric structure. This

Figure 1 ESR spectra of mPMMA microbeads. (A)
EDA-incorporated microbeads; (B) Unmodified mi-
crobeads.

Figure 2 The magnetic behavior of PMMA mi-
crobeads. (A) Unmodified microbeads; (B) EDA-incor-
porated microbeads.

Figure 3 SEM photograph of mPMMA microbeads.
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decreases the magnetic properties of the poly-
meric sorbent. In order to prevent structural de-
structions/deformations, coupling reactions were
carried out under mild experimental conditions at
long reaction period (e.g., up to 1 week). Acid
catalysis was used for the incorporation of amine
groups on/in to the ester containing struc-
tures15–17 under mild conditions. That’s why we
used p-toluene sulfonic acid for the elimination of
metoxy group. Elemental analysis of the EDA-
incorporated mPMMA microbeads were per-
formed, and the incorporation amounts of the
amine group was found to be 142 mmol/g from the
nitrogen stoichiometry. On the basis of its compl-
exation properties (i.e., complexation rate, selec-
tivity and capacity) with heavy metal ions, amine
ligands are common. Largely for this reason, and
also owing to reduce steric hindrances, EDA-in-
corporated mPMMA microbeads were prepared
for heavy metal removal. EDA release from the
EDA-incorporated microbeads was also moni-
tored continuously. There was no amine leakage
in any of the adsorption and desorption media,
which assured that the washing procedure used
for removal of physically adsorbed EDA molecules
from the derived microbead was satisfactory.

FTIR spectra of unmodified and EDA-incorpo-
rated microbeads are given in Figure 4. The FTIR
spectra of EDA-modified mPMMA microbeads
has some absorption bands different than those of
unmodified mPMMA. The most important ab-
sorption bands at 1665 cm21 and 1550 cm21 rep-

resent amide I (mainly due to CAO stretching)
and amide II (mainly due to NOH bending), re-
spectively, are due to EDA bonded to microbeads.

Adsorption of Heavy Metal Ions

Effects of EDA-Derivatization

Table II shows the effects of EDA-incorporation
on the heavy metal adsorption. First, it should be
noted that there was a very low nonspecific ad-
sorption of heavy metal ions on the unmodified
mPMMA microbeads. The heavy metal adsorp-
tion values on the unmodified microbeads (with-
out EDA-derivatization) are determined to be 3.6
mmol/g for Cu(II), 4.2 mmol/g for Pb(II), 4.6 mmol/g

Figure 4 FTIR Spectra of (A) unmodified mPMMA; (B) EDA-incorporated mPMMA.

Table II Effect of EDA-Incorporation on
Adsorption of Heavy Metal Ions

Ions

Adsorption Capacity
(mmol/g)

Molar Ratio
(mol of metal/
mol of EDA)mPMMA

EDA-Modified
mPMMA

Cu(II) 3.6 201 1.42
Pb(II) 4.2 186 1.30
Cd(II) 4.6 162 1.14
Hg(II) 2.9 150 1.06

EDA incorporation, 142 mmol/g; adsorption conditions, ini-
tial concentration of metal ions, 60 mg/L for Cu(II); 400 mg/L
for other metal ions; pH, 5.0; T, 25°C.
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for Cd(II), and 2.9 mmol/g for Hg(II). These metal
ions can be adsorbed nonspecifically by physical
adsorption, associated with the weak forces of
physical attraction such as van der Waals forces,
or by chemical adsorption, associated with the
exchange of electrons and the formation of a
chemical bond between the metal ions and the
mPMMA surfaces (especially with the carbonyl
groups of the mPMMA chain). In addition, these
microbeads are porous, which therefore heavy
metal ions may diffuse and absorb (or entrap)
within the pores of the microbeads that may
cause these nonspecific adsorption, although
higher adsorption values were obtained when the
EDA-incorporated microbeads were used (201
mmol/g for Cu(II), 186 mmol/g for Pb(II), 162
mmol/g for Cd(II), and 150 mmol/g for Hg(II)). This
may be due to presence of chelating amino groups
on the microbead surface. The specificity of the
metal-chelating ligand (i.e., amine groups) may
also contribute to this high adsorption capacity.
Unit mass of the mPMMA microbeads carries 142
mmol EDA, which was found by elemental analy-
sis. EDA molecule includes two nitrogen atoms
that have unpaired electrons for interaction with
metal ions. It seems that a stoichiometry of
around two metal ions per EDA molecule is con-
sistent with the given data (Table II).

Effects of Initial Concentration of Metal Ions

Adsorption capacities of the heavy metal ions of
the EDA-incorporated mPMMA microbeads are
given as a function of the initial concentration of
metal ions within the aqueous phase in Figure 5.
Note that these adsorption curves were obtained
in the experiments where adsorptions from the
single metal aqueous solutions were studied. It
was found that the amount of adsorption was
significantly increased with increasing of the ini-
tial concentration of heavy metal ions. The max-
imum adsorption capacities of the EDA-incorpo-
rated microbeads in the studied range are 201
mmol/g for Cu(II), 186 mmol/g for Pb(II), 162
mmol/g for Cd(II), and 150 mmol/g for Hg(II), re-
spectively. The observed affinity order is Cu(II)
. Pb(II) . Cd(II) . Hg(II). Note that at pH 6.0,
copper precipitates as cupric hydroxide [Cu(OH)2]
if Cu(II) concentrations will be greater than 60
mg/L; therefore, we did not study above 60 mg/L
for Cu(II) ions.

Different polymeric sorbents with a wide range
of adsorption capacities for heavy metal ions have
been reported. Shreedhara-Murthy and Ryan18

found 34.8–128 mmol Cd(II)/g and 75.5–425 mmol
Cu(II)/g removal by cellulose-dithiocarbamate
resins. Roozemond et al.19 showed 357 mmol
Cd(II)/g and 502 mmol Cu(II)/g with pyrazole-con-
taining poly(styrene-divinylbenzene) sorbents.
Konishi et al.20 reported 42.8–857 mmol Cd(II)/g
with alginic acid gels. Liu et al.21 achieved 460
mmol Pb(II)/g and 259 mmol Cu(II)/g adsorption
capacities with N-hydroxymethyl thioamide
resin. Hudson and Matejka22 investigated the
length of pendants groups on adsorption of Cu(II)
ions onto poly(styrene-divinyl benzene) copolymer
beads and concluded that the type of pendent
groups is important in the adsorption of heavy
metal ions. They reported adsorption capacities
between 239 mmol/g. Saǧ and Kutsal23 have used
Zoogloea ramigera microorganisms for heavy
metal adsorption. The maximum amounts of ad-
sorption capacities achieved were 551 mmol Cu(II)
and 420 mmol Pb(II)/g dry weight of microorgan-
isms. Shambhu et al.24 immobilized polyamines
(i.e., EDA, diethylene triamine, and triethylene
tetramine) onto polystyrene and reached an ad-
sorption value of 519 mmol Cu(II)/g polymer. Ja-
nus et al.25 used poly(vinyl amine) sorbent for
copper adsorption and reported an adsorption ca-
pacity of 7.9 mmol Cu(II)/g. Denizli et al.26 used
Alkali Blue 6B-attached P(EGDMA-HEMA) sor-
bents, in which the maximum adsorption capaci-
ties were 36.2 mmol Cu(II)/g, 49.1 mmol Cd(II)/g,
and 618 mmol Pb(II)/g. Marzal et al.27 immobi-
lized EDA and hexamethylene diamine by glow-
discharge method and obtained 83.5 mmol
Cu(II)/g for EDA and 107 mmol Cu(II)/g for
HMDA-plasma treatment. Denizli et al.28 re-

Figure 5 Heavy metal ions adsorption capacity of the
EDA-incorporated microbeads. T 5 20°C and pH 5 5.0.
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ported 83.5 mmol Cu(II)/g and 674 mmol Pb(II)/g
for diamine glow discharge treated polyhydroxy-
ethylmethacrylate microbeads. We obtained max-
imum heavy metal adsorption capacities as 201
mmol/g for Cu(II), 186 mmol/g for Pb(II), 162
mmol/g for Cd(II), and 150 mmol/g for Hg(II). By
considering these data, we concluded that the
EDA-incorporated mPMMA microbeads is a
promising polymeric carrier for the removal of
heavy metal ions from aqueous media.

Effects of pH

The complexation of heavy metal ions by a che-
lating-ligand is usually a strong function of
pH.25,28 The hydrolysis and precipitation of the
metal ions are affected by the concentration and
form of soluble metal species. As discussed in
details by several researchers,29 hydrolysis of
metal ions becomes significant at approximately
pH 7.5–8.5 for studied heavy metal ions. There-
fore, in the present study we changed the pH
range between 2.0–8.0 except for Cu(II) ions. Be-
cause at pH 6.0, copper precipitates as cupric
hydroxide [Cu(OH)2] if Cu(II) concentration will
be greater than 60 mg/L (calculated from the sol-
ubility product). Figure 6 shows the pH profile
data for heavy metal adsorption. This figure
shows that complexation behavior of heavy metal
ions is more sensitive to pH changes, especially at
lower pH region. The inhibition of metal chelation
with a decrease in pH was observed by several
authors and in different sorbents.23,29 Thus it has
been proposed that protons and metal ions com-

pete for the same binding sites. It was observed
that the adsorption capacities increased with in-
creasing pH, reaching plateau values at around
pH 5.0. High adsorption at higher pH values im-
plies that metal ions interact with amino (unpro-
tonated) groups by chelating as also stated in the
related literature.26,28,29 Plateau values are 201
mmol/g for Cu(II), 186 mmol/g for Pb(II), 162
mmol/g for Cd(II), and 150 mmol/g for Hg(II). The
difference in adsorption values can be explained
by the different affinity of the heavy metal ions
for the donor atoms (i.e., nitrogen) in the metal-
chelating-ligand EDA.

Competitive Adsorption

Adsorption capacities of the EDA-incorporated
mPMMA microbeads for heavy metal ions under
competitive conditions (adsorption from solutions
containing all heavy metal ions) for Cu(II), Pb(II),
Hg(II), and Cd(II) are given in Table III. It should
be noted that the competitive adsorption capaci-
ties of the EDA-incorporated microbeads for all
metal ions were lower than noncompetitive con-
ditions. The noncompetitive adsorption capacities
are 198.6 mmol/g for Cu(II), 118.2 mmol/g for
Pb(II), 101.5 mmol/g for Cd(II), and 75.3 mmol/g
for Hg(II) at 50 mg/L initial concentration. The
competitive adsorption capacities are 79.8 mmol/g
for Cu(II), 58.7 mmol/g for Pb(II), 52.4 mmol/g for
Cd(II), and 45.3 mmol/g for Hg(II). The presence of
other metal ions decreases the adsorption capac-
ities as expected. The observed complexation or-
der in adsorption was found to be same under
competitive and noncompetitive conditions:
Cu(II) . Pb(II) . Cd(II) . Hg(II). In both cases
the EDA-incorporated mPMMA microbeads
shows more affinity to Cu(II) ions.

Table III Competitive Adsorption of Heavy
Metal Ions on the EDA-Incorporated mPMMA
Microbeads

Ions

Adsorption Capacity (mmol/g)

Non-Competitive Competitive

Cu(II) 198.6 79.8
Pb(II) 118.2 58.7
Cd(II) 101.5 52.4
Hg(II) 75.3 45.3

EDA incorporation, 142 mmol/g; Concentration of each
metal ions, 50 mg/L; pH, 5.0, T, 20°C.

Figure 6 Effect of pH on adsorption of heavy metal
ions on the EDA-incorporated microbeads. Initial con-
centration of metal ions: 60 mg/L for Cu(II) and 400
mg/L for other metal ions; T 5 20°C.
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Regeneration of Microbeads

Elution experiments were carried out in 0.1 M
HNO3 solution. The EDA-incorporated mi-
crobeads loaded with the maximum amounts of
the respective heavy metal ions were placed
within the desorption medium and the amount of
metal ions desorbed in 30 min was measured.
Table III shows the adsorption-desorption data of
heavy metal ions after several cycles of consecu-
tive adsorption and desorption procedure. When
HNO3 was used as a desorption agent, the coor-
dination spheres of chelated metal ions is dis-
rupted and subsequently metal ions release from
the solid surface into the desorption medium. Ta-
ble IV clearly shows that these microbeads can be
used repeatedly without loosing significantly
their adsorption capacities for all metal ions stud-
ied here.

CONCLUSION

Magnetic carrier technology enables the use of
magnetic processing for rapid and selective
heavy metal removal. EDA-carrying mPMMA
microbeads (142 mmol EDA/g polymer) have
shown great promise in removal of heavy metal
ions (i.e., Cu(II), Pb(II), Cd(II), and Hg(II)) from
aqueous media under noncompetitive and com-
petitive conditions. Some results were summa-
rized as follows: Adsorption of heavy metal ions
on the unmodified mPMMA microbeads was
very low (3.6 mmol/g for Cu(II), 4.2 mmol/g for
Pb(II), 4.6 mmol/g for Cd(II), and 2.9 mmol/g for
Hg(II)). The maximum adsorption capacities of
these chemically modified microbeads from
their single-metal ions solutions were 201
mmol/g for Cu(II), 186 mmol/g for Pb(II), 162
mmol/g for Cd(II), and 150 mmol/g for Hg(II).
When the heavy metal ions competed (in the

case of the adsorption from their mixture) the
amounts of adsorption were 79.8 mmol/g for
Cu(II), 58.7 mmol/g for Pb(II), 52.4 mmol/g for
Cd(II), and 45.3 mmol/g for Hg(II) at 50 mg/L
concentration. The adsorption capacities in-
creased with increasing pH, reaching plateau
values at around pH 5.0. The EDA-incorporated
mPMMA microbeads exhibits the following
metal ion affinity sequence under non-competi-
tive and competitive conditions: Cu(II) . Pb(II)
. Cd(II) . Hg(II). Repeated adsorption and
desorption cycles showed the feasibility of these
amine-incorporated microbeads for heavy metal
adsorption.
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3 199.5 99.6 184.3 99.0 161.0 97.7 149.1 98.6
4 198.6 98.1 184.4 98.3 161.6 98.5 148.5 97.6
5 197.4 97.7 183.7 98.1 160.9 97.6 148.1 97.8
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