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bstract

Poly(glycidylmethacrylate-methylmethacrylate), p(GMA-MMA-EGDMA), magnetic beads were prepared via suspension polymerization in
he presence of ferric ions. The epoxy groups of the beads were converted into amino groups via ring opening reaction of the ammonia and, the
minated magnetic beads were used for the removal of Hg(II) ions from aqueous solution in a batch experiment and in a magnetically stabilized
uidized bed reactor (MFB). The magnetic p(GMA-MMA-EGDMA) beads were characterized with scanning electron microscope (SEM), FT-IR
nd ESR spectrophotometers. The optimum removal of Hg(II) ions was observed at pH 5.5. The maximum adsorption capacity of Hg(II) ions by
sing the magnetic beads was 124.8 ± 2.1 mg g−1 beads. In the continuous MFB reactor, Hg(II) ions adsorption capacity of the magnetic beads

ecreased with an increase in the flow-rate. The maximum adsorption capacity of the magnetic beads in the MFB reactor was 139.4 ± 1.4 mg g−1.
he results indicate that the magnetic beads are promising for use in MFB for removal of Hg(II) ions from aqueous solution and/or waste water

reatment.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Aqueous waste streams from ore mining processes are con-
aminated with high concentrations of toxic heavy metal ions.
n the area of the removal of heavy metal ions from aqueous
olution and/or contaminated water is usually performed using
ariety of conventional procedure, electrophoretic, ultrafiltra-
ion, reverse osmosis, ion exchange, chemical precipitation and
ther procedures, adsorption being one of the most important
echniques [1,2]. The adsorption of mercury ions has been exten-
ively investigated using various polymeric materials [3–5]. The
crylic polymers are almost ideal ones to perform, very sta-
le in a range of buffers from pH 1 to 10 and were resistant
o microbial degradation and several chemicals [5,6]. In addi-
ion, magnetic separation technique, using magnetic polymeric

articles, is quick and easy method for sensitive and reliable
apture of inorganic or organic pollutants. These methods are
lso non-laborious, cheap and often highly scalable. Moreover,

∗ Corresponding author. Tel.: +90 318 357 2477; fax: +90 318 357 2329.
E-mail address: gbayramoglu@kku.edu.tr (G. Bayramoğlu).
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echniques employing magnetism are more amenable to automa-
ion and miniaturization [7]. The most well known technique is
he magnetically stabilized fluidized bed reactor (MFB). MFB
eactor uses an externally applied, axially or transversely aligned
agnetic field to independently control the magnetic particles
ovement in a column [8,9]. Magnetically stabilized fluidized

ed exhibits combination of the best characteristics of both
acked and fluidized bed reactor design [9].

Mercury is a remarkably toxic and accumulates in the biosys-
em and can be regenerated by several sources, resulting in
ontamination of atmospheric and aqueous systems [2,3,10].
he toxic effects of mercury depend on its chemical form and

he route of exposure. The main sources of mercury emissions
o land, water and air are the processes of ores mining and smelt-
ng (in particular Cu and Zn smelting), burning of fossil fuels
mainly coal), industrial production processes (mercury cells
nd chlor-alkali processes for the production of Cl) and con-
umption related discharges (including waste incineration) [11].

onsiderable attention for Hg(II) ions, which damages the gas-

rointestinal tract and causes kidney failure, is unlikely from
nvironmental sources. The prescribed limit of 0.001 ppm for
ercury is the lowest among all heavy metal ions [12].

mailto:gbayramoglu@kku.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.10.058
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In this study, magnetic beads were prepared from glycidyl-
ethacrylate (GMA) and methylmethacrylate (MMA) in the

resence of a cross-linker (i.e., ethyleneglycol dimethacrylate,
GDMA) via suspension polymerization. The functional epoxy
roups of the beads were converted into amino groups. The
ize and structure of the beads were characterized using SEM
nd FT-IR spectroscopy, respectively. In addition, surface area
easurement, swelling test, and electron spin resonance (ESR)
ere used for further characterization of the magnetic beads.
he aminated magnetic beads were used for the removal of
g(II) ions from aqueous solution and the optimum adsorption

onditions in a batch system were evaluated. The adsorption
sotherm and kinetic models was measured in order to evaluate
he discrepancy between the experimental data and the theoret-
cal equilibrium capacity predicted from the model equations.
inally, the magnetic beads were applied to a magnetically sta-
ilized fluidized bed reactor (MFB) under different flow-rate
onditions for removal of Hg(II) ions.

. Material and method

.1. Materials

Methyl methacrylate (MMA), glycidyl methacrylate
methacrylic-acid 2,3-epoxypropyl-isopropyl-ether; (GMA),
thyleneglycol-dimethacrylate (EGDMA), α-α′-azoisobisbuty-
onitrile (AIBN), polyvinyl alcohol (PVA) and toluene were
upplied from Sigma Chemical Co. (St. Louis, MO, USA). The
onomers distilled under reduced pressure in the presence of

ydroquinone and stored at 4 ◦C until use. All other chemicals
ere of analytical grade and were purchased from Merck AG

Darmstadt, Germany). The water used in the present work was
urified using a Barnstead system (Dubuque, IA, USA).

.2. Preparation of magnetic p(GMA-MMA-EGDMA)
eads

The magnetic p(GMA-MMA-EGDMA) beads were prepared
n two sequential steps. In the first step, ferric-p(GMA-MMA-
GDMA) beads were prepared via suspension polymerization,
hich was carried out in an aqueous dispersion medium con-

aining FeCl3 (0.3 M, 400 ml; it was used as a precursor for the
hermal iron oxide precipitation in the beads). The organic phase
ontained GMA (7.5 ml), MMA (7.5 ml), EGDMA (7.5 ml;
s cross-linker) and 5.0% polyvinyl alcohol (20 ml, as stabi-
izer) were mixed together with 0.2 g of AIBN as initiator in
0 ml of toluene. The polymerization reactor was placed in a
ater bath and heated to 65 ◦C. The reactor was then equipped
ith a mechanical stirrer, nitrogen inlet and reflux condenser.
he polymerization reaction was maintained at 70 ◦C for 2.0 h
nd then at 80 ◦C for 1.0 h. After the reaction, the resultant
eads were filtered under suction and washed with distilled
ater and ethanol. In the second step, magnetizations of the

(GMA-MMA-EGDMA) beads were performed by conven-
ional co-precipitation reaction of iron oxide in the beads. For the
o-precipitation reaction, 5.0 g FeCl2 was dissolved in purified
ater (100 ml) and then was transferred into a reactor contain-

t
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f
w
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ng ferric-p(GMA-MMA-EGDMA) beads (15 g) in NH3·H2O
50 ml, 25% w/v). The reactor was equipped with reflux con-
enser and refluxed under nitrogen atmosphere at 40 and 50 ◦C
or 2 h, and then at 90 ◦C for 2 h while continuous stirring.
inally, the synthesized magnetic p(GMA-MMA-EGDMA)
eads were separated from the reaction medium, washed in
thanol solution (70%; 250 ml) for 3 h, and then washed with
urified water. During the thermal co-precipitation reaction, the
poxy groups of the magnetic beads were also converted into
mino groups via ring opening reaction due to the presence of
mmonia in the medium. During washing, the magnetic beads
ere separated from the solutions using a magnetic separator.
he beads were finally dried in a vacuum oven at 50 ◦C and
tored at room temperature until use.

.3. Characterization of magnetic beads

The amount of available surface functional epoxy groups
ontent of the magnetic p(GMA-MMA-EGDMA) beads was
etermined by pyridine–HCl method as described previously
6]. The amount of amine group content of the magnetic beads
as determined by potentiometric titration. The magnetic beads

0.2 g) was allowed soak into water (10 ml) for 24 h. Then, 2 M
Cl (10 ml) was added to the mixture and shaken for 1 h. At the

nd of this period the beads filtered and assayed by titration with
M NaOH solution.

The average size and size distribution of the magnetic beads
ere determined by screen analysis performed by using molecu-

ar sieves. The specific surface area of the beads was measured by
surface area apparatus and calculated using the BET (Brunauer,
mmett and Teller) method. Scanning electron micrographs

SEM) of the dried magnetic beads were obtained using a
EOL, JMS 5600 scanning electron microscope, after coat-
ng with gold under reduced pressure. The FT-IR spectra of
he magnetic beads were obtained using an FT-IR spectropho-
ometer (Shimadzu, FT-IR 8000 Series, Japan). Electron spin
esonance (ESR) spectroscopy was carried out with a conven-
ional X-band (ν = 9.75 Hz) Bruker ESP 300E spectrometer at
00 kHz magnetic field modulation frequency, 31.7 G modula-
ion amplitude and 0.1 mW microwave power. The magnetic
(GMA-MMA-EGDMA) beads about (50 mg) were placed
nto quartz tube and the measurements were performed at
oom temperature. The first derivative of the power absorp-
ion had been recorded as a function of the applied magnetic
eld.

.4. Adsorption studies

The effects of adsorption equilibrium time, the pH of the
edium and initial concentration of Hg(II) ions on the adsorp-

ion capacity of the aminated magnetic beads were studied
n batch experimental mode. Nitrate of the mercury ions was
sed throughout the adsorption experiments. Aqueous solu-

ions (50 ml) containing different amounts of Hg(II) ions
20–600 mg L−1) were incubated with magnetic beads at dif-
erent pH (in the pH range of 2.0–6.0, which was adjusted
ith HNO3 or NaOH at the beginning of experiments and not
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The spectrum has two component: (i) a typical low field high
intensity ferromagnetic resonance signal (below 2000 G), and
(ii) a broad line pick extended up to 5000 G. In this ESR spec-
G. Bayramoğlu, M.Y. Arica / Journal o

ontrolled afterwards) at 25 ◦C (performed in a temperature-
ontrol chamber), in flasks agitated magnetically at an agitation
peed of 600 rpm. Blank trials without magnetic beads addi-
ion were performed for each tested Hg(II) ions concentrations.
fter the desired adsorption periods (up to 120 min), the mag-
etic beads were separated from aqueous phases and the residual
oncentrations of the metal ions in the aqueous phases were mea-
ured by atomic absorption spectrophotometer and employed

cold mercury vapor unit. Deuterium background correc-
ion was applied throughout the experiments and the spectral
lit width was 0.7 nm. The working current/wavelength val-
es and the optimized experimental conditions for mercury
easurements were as follows: working current/wavelength,
mA/253.6 nm; concentration of SnCl2, 1% (w/v); concen-

ration of KMnO4, 0.5% (w/v); concentration of H2SO4, 5%
w/v). The instrument response was periodically checked with
nown heavy metal solution standards. For each sample, the
ean of 10 measurements was recorded. For each set of data

resent, standard statistical methods were used to determine
he mean values and standard deviations. Confidence inter-
als of 95% were calculated for each set of samples in order
o determine the margin of error. The amount of Hg(II) ions
dsorbed per unit mass of material (mg metal ions/g beads)
as calculated by using the determination data in described

arlier [6].

.5. Magnetically stabilized fluidized bed reactor operation

Adsorption of Hg(II) ions onto magnetic beads were also per-
ormed in a magnetically stabilized fluidized bed reactor. The
agnetic beads were equilibrated in the purified water at pH 5.5

or 6 h and they were degassed under reduced pressure (by using
ater suction pump). The magnetically stabilized reactor with a
ater jacket was constructed from Pyrex glass (height 80 mm;

nner diameter: 12 mm, total volume; about 9.0 ml). It was
quipped with Helmholtz coils (Model HC-1.5, Magnetic Instru-
entation, Indianapolis, USA) and equilibrated beads about 6 g
as transferred into MFB reactor. The void volume of the reac-

or was about 3.0 ml. The Hg(II) ions solution (200 mg L−1) was
umped through the lower inlet part of the reactor by using a peri-
taltic pump at different flow-rate between 20 and 120 ml h−1.
he effluent leaving from the reactor was collected by means
fraction collector and the concentrations of the Hg(II) ions in

hese solutions were measured as described above.
The dynamic adsorption capacity of the magnetic beads for

g(II) ions in the column was calculated by mass balance:

= [(Co − C)Vρw]

W
(1)

here, Co and C (mg L−1) are the initial and final Hg(II) ions
oncentration in the feed and effluent, respectively; V (L) is the

otal volume of the feed and collected effluent; W (g) and ρw

g L−1) stand for the weight and density of the wet magnetic
eads, respectively. Here, ρw was determined with a pycnometry
n n-decane.

F
E
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. Results and discussion

.1. Characterization of magnetic beads

The preparation of magnetic beads were carried out under
wo sequential steps: in the first, the ferric ions containing
(GMA-MMA-EGDMA) beads were prepared from GMA and
MA monomers via suspension polymerization in the pres-

nce of the ferric ions. In the second step, the classical thermal
o-precipitation reaction was carried out in NH3·H2O aque-
us solution containing Fe2+ ions for the formation of iron
xide crystal within the structure of the beads. The beads were
ieved and 75–150 �m size of fraction was used in the further
eactions. The specific surface area of the magnetic p(GMA-

MA-EGDMA) beads was measured by BET method and
as found to be 21.6 m2 g beads−1. The amount of available

poxy groups on the p(GMA-MMA-EGDMA) beads surface
as determined by HCl–pyridine method and was found to
e 1.12 mmol g beads−1. GMA monomer was use initially to
ncorporate epoxy groups on the polymer surface for further

odification of the beads. The obtained value for epoxy groups
as lower than that of the theoretical value (2.59 mmol g−1)
ecause some of the epoxy groups remain inside of the magnetic
eads and are not accessible for subsequent reactions or analyt-
cal determinations. The water content is very important when
se of the support material in continuous column application is
ontemplated. The equilibrium-swelling ratio of the magnetic
(GMA-MMA-EGDMA) beads was determined as 1.39 weight
asis. The magnetic p(GMA-MMA-EGDMA) beads density
as measured to be 1.32 g cm−3.
The magnetic properties of the beads were confirmed with

lectron spin resonance spectroscopy (ESR) at room temper-
ture and the intensity versus the magnetic field (G) (Fig. 1).
ig. 1. Electron spin resonance (ESR) spectrum of magnetic p(GMA-MMA-
GDMA) beads at room temperature.
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H3O and Hg(II) ions for the same interactive adsorption sites.
The functional amino groups of the magnetic beads should have
taken part in metal removal process by complexation which is pH
dependent, and both the nature of the binding sites of adsorbent
ig. 2. SEM micrograph of the magnetic p(GMA-MMA-EGDMA) beads.

rum, about 1000 G magnetic field was found to be sufficient to
xcite all of the dipole moments of the sample beads that consist
f magnetite. The value of this magnetic field is a function of
he flow velocity, particle size and magnetic susceptibility of the
eads to be displaced. In the literature, the value was reported up
o 20,000 G [13], so the magnetic beads developed in this study
ill need less magnetic intensity for various reactor configura-

ions. So, the magnetic beads can be easily separated within a few
econd by a conventional permanent magnet. When the applied
agnetic force is removed, the magnetic beads can easily be

ispersed by simple shaking. Thus, the magnetic beads can be
emoved or recycled in the separation medium. The presented
pectrum was similar to ESR spectra of iron (III) nanoparti-
les in alginate polymer [14]. Scanning electron microscopy
SEM) micrographs presented in Fig. 2 shows the porous sur-
aces structure of the magnetic p(GMA-MMA-EGDMA) beads.
he beads have a spherical form and rough surface due to the
ores, which formed during the polymerization process. The
etal ions should be adsorbed both the external surface of the

eads and within the pore space near the surface, and thus pro-
ided a large surface area for the removal of Hg(II) metal ions.
he FT-IR spectra of the aminated magnetic beads have the

haracteristic stretching vibration band of hydrogen-bounded
lcohol at ∼3500 cm−1 (Fig. 3). Among the characteristic vibra-
ions of both GMA and MMA is the methylene vibration at

2953 cm−1. The vibration at 1731 cm−1 represents the car-

Fig. 3. FT-IR spectrum of the magnetic p(GMA-MMA-EGDMA) beads.

F
t
2

ardous Materials 144 (2007) 449–457

onyl band of both MMA and GMA. The epoxide group gives
he band between at 910 cm−1 (epoxy ring vibrations). The FT-
R spectra of the aminated magnetic beads have characteristic
–H amine stretching bands at 3500 and 1655 cm−1 are is due to

mino groups bonded to the magnetic beads. Fe3O4 has the char-
cteristic band at 600 cm−1 and also this indicates that Fe3O4
olecules are successfully introduced within the structure of

(GMA-MMA-EGDMA) beads. This was also confirmed by
ravimetric analysis and the amount of precipitated iron oxide
rystal in the bead structure was 134 mg g−1 beads. The mag-
etic beads were also incubated in the pH ranges 2–10 for 48 h
sing 0.1N HCl and 0.1N NaOH for adjusting pH. After this
eriod, the magnetic beads were dried and Fe content was deter-
ined by gravimetrically. It was observed no significant change

n Fe content in the pH range 2–10.

.2. Effect of pH

Several studies showed that metal ion adsorption onto non-
pecific and specific adsorbents are pH dependent [15–17]. In the
bsence of complexing agents, the hydrolysis and precipitation
f the metal ions are affected by the concentration and form
f soluble species. The solubility of metal ions is governed by
ydroxide or carbonate concentration. According to the hard
nd soft acid–base theory, Hg(II) is classified as a soft metal
ons and selectively interact with nitrogen and sulfur atoms of
he molecules (such as R–CN, R–SH, R–NH2 and imidazole
roups) [4,18]. The performance of the adsorbent was studied in
he pH range of 2.0–6.0 at 25 ◦C (Fig. 4). As seen in this figure,
y adsorption of Hg(II) ions by the adsorbent was increased
ith increasing pH from 2.0 to 5.0 and then reached a plateau
alue of about pH 5.5. Lower adsorption capacity at lower pH
alues can be attributed to the competitive adsorption between

+

ig. 4. Effect of pH on the Hg(II) adsorption onto magnetic beads; initial concen-
ration of metal ions: 100 mg L−1; volume of the medium: 50 mL; temperature:
98 K.
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nd the chemistry of the metal ions should have been changed
ith pH of the medium. The adsorption capacity of the adsorbent

o Hg(II) ions reached a maximum at pH 5.5. In the remaining
xperiment, this optimum pH value was used.

.3. Equilibrium isotherm models

To obtain the maximum adsorption capacity for the ami-
ated magnetic beads, the initial concentrations of Hg(II) ion
as increased up to 400 mg L−1 (Fig. 5). The amount of Hg(II)

ons adsorbed per unit mass of the beads increased with the
ncrease in the initial concentration of metal ions, as expected.
his behavior can be explained with the high driving force for

he mass transfer. Thus, the maximum adsorption capacity of
he beads was found to be 124.8 ± 2.1 mg g−1.

Equilibrium data, commonly known as adsorption isotherms,
re the basic requirements for the design of adsorption systems
19–21]. Obtaining equilibrium data for a specific adsor-
ate/adsorbent system can be performed experimentally, with a
ime-consuming procedure that is incompatible with the grow-
ng need for adsorption systems design. Analysis of equilibrium
ata is important for characterize the interaction of Hg(II) ions
ith the amino groups of the magnetic beads. This provides
relationship between the concentration of metal ions in the

dsorption medium and the amount of metal ions adsorbed on
he solid-phase when the two phases are at equilibrium. Among
he several isotherm equations, two isotherms (Langmuir and
reundlich adsorption isotherms) were investigated, which are
idely used to analyses data for water and wastewater treatment

pplications. The Langmuir equation is:

e = qmbCe

1 + bC
(2)
e

here Ce and qe also show the residual metal concentration
mg L−1) and the amount of metal adsorbed on the adsorbent at
quilibrium (mg g−1), respectively, b is the energy of adsorption

ig. 5. Comparison of the equilibrium experimental and the adsorption
sotherms obtained from the Langmuir and the Freundlich models for Hg(II) ion
dsorption on the magnetic beads; volume of the medium: 50 mL; temperature:
98 K; pH: 5.5.
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r adsorption equilibrium constant (L mg−1) of the system. The
aximum adsorption capacity, qm, is the solid-phase concen-

ration corresponding to a condition in which all available sites
re filled. The essential features of a Langmuir isotherm can be
xpressed in terms of a dimensionless constant separation fac-
or or equilibrium parameter, RL, which is used to predict if an
dsorption system is “favorable” or “unfavorable” [22,23].

L = 1

1 + bCo
(3)

here Co is the initial metal concentration. The value of RL indi-
ates the shape of isotherm to be either unfavorable (RL > 1) or
inear (RL = 1) or favorable (0 < RL < 1) or irreversible (RL = 0).

The Freundlich equation is the empirical relationship
hereby it is assumed that the adsorption energy of a metal
inding to a site on an adsorbent depends on whether or not
he adjacent sites are already occupied. This empirical equation
akes the form:

e = KF(Ce)1/n (4)

here KF and n are the Freundlich constants, the characteristics
f the system. KF and n are the indicators of the adsorption
apacity and adsorption intensity, respectively.

The experimental Hg(II) ion adsorption isotherm presented
n Fig. 5 was fitted by the Langmuir and Freundlich isotherms.
he equilibrium adsorption constants calculated from the cor-

esponding isotherms with the correlation coefficients are
resented in Table 1. Based on the adsorption experimental
esults, Langmuir and Freundlich model parameters (qm, b and
F, n) were determined with linear regression. The maximum
dsorption capacity of Hg(II) calculated by Langmuir equation
as 130.5 mg g−1 beads. The correlation coefficient of the Lang-
uir isotherm is higher than that of the Freundlich isotherm.
he Langmuir constant (qm) values fitted the experimental val-
es. On the other hand, the magnitudes of KF and n (Freundlich
onstants) showed easy separation of metal ions from aque-
us medium and indicated favorable adsorption. As seen from
able 1, n values were found high enough for separation of
eavy metal ions from aqueous medium. The conformity of the
dsorption data to the Langmuir isotherm (correlation coefficient
0.99) could be interpreted as indicating a homogeny adsorp-

ion process, leading to monolayer binding (Fig. 6). Based on
he effect of separation factor RL values are in the range between
.029 and 0.469, which indicates that the magnetic beaded mate-
ial are favorable adsorbents for Hg(II) removal from aqueous
olution.

The thermodynamic parameters of adsorption system were
lso evaluated. The dependency of the equilibrium associa-
ion constant, Ka = b (M−1), versus 1/T for the binding of

agnetic beads was analyzed in terms of van’t Hoff plots.
he enthalpy and entropy changes for adsorption system
ere determined from the slope and intercept, respectively
ln Ka = (�S◦/R) − (�H◦/RT)). The values of �G◦ and �S◦
an be estimated from the relationships �G◦ = − RT ln Ka and
G◦ = �H◦ − T�S◦. Change in the enthalpy, �H, for Hg(II)

dsorption was 8.57 kcal mol−1. The value of �H was positive,
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Table 1
The isotherm model constants and correlation coefficients of Hg(II) adsorption on the magnetic p(GMA-MMA-EGDMA) beads

Temperature (K) Experimental Langmuir constant Freundlich constant �G

qexp (mg g−1) qm (mg/g) b × 102 (L mg−1) R2 KF n R2 (kcal mol−1)

288 102.5 ± 2.3 110.7 3.01 0.998 9.9 2.39 0.948 −5.00
298 124.8 ± 2.1 130.5 5.65
308 132.5 ± 3.4 136.3 8.60
323 143.7 ± 1.9 141.9 9.97
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ig. 6. Effect of contact time for biosorption of Hg(II) ions on the magnetic
eads. Volume of the medium: 50 mL; temperature: 298 K; pH: 5.5; adsorption
ime: 2 h.

mplied that the process was endothermic. The entropy (�S)
alue for the adsorption was 47.08 cal mol−1. Positive value of
he �S was obtained in adsorption system, indicating an increase
n the degree of adsorbate operative because of more random-
ess during adsorption process. The �G values were calculated
or each temperature and in accordance with adsorption being a
avorable process, the derived �G values, tabulated in Table 1
ere all negative. The negative �G values for the adsorbent

ystem implied that the adsorption process was spontaneous in
ature [24,25].

.4. Kinetics of adsorption
The adsorption of Hg(II) ions by the magnetic beads appears
o be temperature dependent over the temperature range tested
288–323 ◦C) in our study. The adsorption capacity of Hg(II)

a
a
l
a

able 2
he first-order and second-order kinetics constants for adsorption of Hg(II) on the m

emperature (K) Experimental First-order kinetic

qexp (mg g−1) k1 × 101 (min−1) qeq (mg g−

88 102.5 ± 2.3 0.58 76.3
98 124.8 ± 2.1 0.12 219.6
08 132.5 ± 3.4 0.11 286.1
23 143.7 ± 1.9 0.10 204.2
0.999 17.8 2.46 0.911 −5.56
0.996 23.5 3.13 0.976 −5.97
0.997 37.7 4.05 0.969 −6.67

ncreases with increasing the temperature from 288 to 323 K
Table 2). The activation energy derived from Arrhenius equa-
ion, k = Ao exp(−Ea/RT) where Ao the temperature independent
actor, k the second order rate constant and R is the gas constant
cal mol−1 K−1), for the removal of Hg(II) was determined using
quilibrium adsorption data at different temperatures. Value of
he activation energy, Ea, can be calculated from the slope of
n k2 versus 1/T plot and is found to be 2.24 cal mol−1.

In adsorption processes, there are several parameters which
etermine the adsorption rate, such as stirring rate in the aque-
us phase or flow-rate in a column system, structural properties
f adsorbent used (e.g., surface topography, porosity, swelling
atio), amount of the adsorbent, metal ion properties (e.g.,
ydrated ionic radius, coordination complex number), initial
oncentration of metal ions, and the existence of other metal
ons which may compete with the metal ion of interest for the
ame active adsorption sites. As can be seen from Fig. 6, the
g(II) ions removal rate was high at the beginning of adsorp-

ion and saturation levels were completely reached at about
0 min for Hg(II) ions. After this equilibrium period, the amount
f adsorbed metal ions on the adsorbent did not significantly
hange with time. This trend in binding of metal ions suggests
hat the binding may be through interactions with functional
roups located on the surface of the adsorbents.

Two reaction rate equations were used to analyze the adsorp-
ion kinetic of Hg(II) onto magnetic beads. The first-order rate
quation of Lagergren is one of the most widely used for the
dsorption of solute from a solution [26,27]. The model has the
ollowing form:

og

(
qeq

qeq − qt

)
= k1t

2.303
(5)

here k1 is the rate constant of first-order adsorption (min−1)

nd qeq and qt denote the amounts of adsorption at equilibrium
nd at time t (mg g−1), respectively. In a true first order process
og qeq should be equal to the intercept of a plot of log (qeq − qt)
gainst t.

agnetic beads

Second-order kinetic

1) R2 k2 (g mg min−1) qeq (mg g−1) R2

0.976 0.14 107.5 0.988
0.929 0.18 128.2 0.991
0.898 0.20 135.1 0.989
0.961 0.22 148.6 0.997
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G. Bayramoğlu, M.Y. Arica / Journal o

Ritchie proposed a method for the kinetic adsorption of gases
n solids [28,29]. If metal ion adsorption medium is considered
o be a second-order reaction, Ritchie equation is:

1

qt

)
=

(
1

k2qeqt

)
+

(
1

qeq

)
(6)

here k2 (g mg−1 min) is the rate constant of the second order
dsorption.

The kinetic model parameters rate constant (k2) and adsorp-
ion at equilibrium (qeq) are presented in Table 2. The
econd-order kinetics best described the data. The theoretical
eq values estimated from the first-order kinetic model gave
ignificantly different value compared to experimental values.
hese results suggest that the second order mechanism is pre-
ominant and that chemisorption might be the rate-limiting step
hat controls the adsorption process. The rate-controlling mecha-
ism may vary during the course of the adsorption process three
ossible mechanisms may be occurring. There is an external
urface mass transfer or film diffusion process that controls the
arly stages of the adsorption process. This may be followed by
reaction or constant rate stage and finally by a diffusion stage
here the adsorption process slows down considerably [30–33].

.5. Operation of MFB reactor for removal of Hg(II) ions

For the continuous system application of the magnetic beads,
he most convenient configuration can be that of a magnetically
tabilized fluidized bed reactor (MFB). A large volume of water
an be continuously treated using a defined quantity of adsor-
ent in the continuous reactor system. The continuous system
peration parameter is presented in Section 2.5, and the resi-
ence time corresponding to the given flow rates is calculated
y the following equation:

= νo

εV
(7)

here D is the dilution rate (h−1), νo the volumetric flow-rate
f the metal ion solution (ml h−1), V the total volume of the
ontinuous system (ml) and ε is the void fraction of given as
atio of void volume to the total volume of the continuous system.
esidence time (τ) is the reciprocal of dilution rate.

The effect of flow-rate on the adsorption of Hg(II) ions by
he aminated magnetic beads was investigated by fixing ini-
ial Hg(II) concentration 200 mg L−1 and keeping of flow-rate
etween 20 and 120 ml h−1. Fig. 7 shows the effect of resi-
ence time on the adsorption efficiency of the Hg(II) ions by
he aminated magnetic beads. As seen in figure, the adsorption
fficiency of the magnetic beads decreased significantly from
39.4 ± 1.4 to 42.5 ± 1.1 mg g−1 beads with the decrease the
esidence time from 0.2970 to 0.0495 h. The results show that
he adsorption of Hg(II) ions on to the beads was dependent on
he residence time. As seen in the figure, the residence time is
ncreased; the removal efficiency is also increased. At the high-

st flow-rate (i.e., lowest residence time), the lowest Hg(II) ions
emoval efficiency was observed. This behavior can be due to the
nsufficient contact time between Hg(II) ions and the aminated

agnetic beads.

c
s
i
i

ig. 7. Effect of residence time on Hg(II) ions adsorption in MFB reactor.
emperature: 298 K; pH: 5.5; initial concentration of metal ions: 200 mg L−1.

In the continuous system with an 200 mg L−1 initial Hg(II)
ons concentration, the adsorption capacity of the aminated mag-
etic beads was determined as 149.4 ± 3.8 mg g−1. On the other
and, at the same initial concentration, the adsorption capacity
or the same preparation was obtained as 124.8 ± 2.1 mg g−1

rom the batch system. In the continuous system, the adsorp-
ion capacity of the adsorbent was about 20% higher than that
f the batch system. The observed lower adsorption capacity in
he batch systems may be resulted of the low equilibrium con-
entration of the Hg(II) ions compared to continuous system.
n the continuous system, the concentration of the Hg(II) ions
n the effluent increased gradually until the adsorptive sides of
he adsorbent saturated with the Hg(II) ions. At saturation, the
oncentration of Hg(II) ions in the effluent was same as the inlet
g(II) ions concentration. The driving force for adsorption is the

oncentration difference between the Hg(II) ions on the adsor-
ent and the Hg(II) ions in the solution [6,32–35]. Thus, the high
riving force due to high Hg(II) ions concentration resulted in
better performance in the continuous system. For batch mode,

he concentration of solute in contact with a specific quantity
f adsorbent steadily decreases as adsorption proceeds, thereby
ecreasing the effectiveness of the adsorbent for removing the
olute.

.6. Regeneration and reuse

The aminated magnetic beads adsorbed Hg(II) ions were
ransferred in the desorption solution (10 mM HNO3; 50 ml) and
as stirred magnetically for 2 h. The final metal ion concentra-

ion in the aqueous phase was determined AAS. The elution ratio
as calculated from the amount of metal ions adsorbed onto the
eads and the final metal ions concentration in the desorption
edium. Desorption ratios were very high (up to 93.6 ± 1.7%)
hen 10 mM HNO3 solution is used as a desorption agent, the
oordination adsorbent of chelated Hg(II) ions are disrupted and
ubsequently Hg(II) ions are released from the solid surface
nto the desorption medium. Therefore, we conclude that HNO3
s a suitable desorption agent for the magnetic adsorbent, and,
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minated p(GMA-MMA-EGDMA) magnetic beads can be used
epeatedly without significantly losing their adsorption capaci-
ies for the metal ions studied.

In order to show the reusability of the aminated magnetic
eads; adsorption–desorption cycle of Hg(II) ions was repeated
0 times by using the same magnetic beads. The adsorption
apacity of the magnetic beads did not noticeably change dur-
ng the repeated adsorption–desorption operations. These results
howed that magnetic beads could be repeatedly used in Hg(II)
emoval studies without detectable losses in their initial adsorp-
ion capacities.

. Conclusions

Magnetic functional polymeric beads have been arisen great
nterest in the fields of biotechnology and biomedicine because
hey can be easily collected with application of a magnetic
eld, and the immobilization of appropriate ligands to such
eads provide and effective tool to achieve rapid, simple and
pecific protein and cell separation [3,13,33]. Compared to
onventional separation, the advantages of magnetic separa-
ion are attributed to its speed, accuracy, and simplicity. In
his article, magnetic beads were prepared and used for the
emoval of Hg(II) ion in both batch and continuous systems.
he magnetic beads showed a maximum adsorption at liquid
hase pH 5.5. The magnetic beads a high magnetic responsive-
ess in magnetic field, and no aggregation of the particles was
bserved after magnetic field treatment. The mechanism and
he kinetic of Hg(II) ions adsorption on the magnetic beads
epend on the experimental conditions particularly medium
H and metal ions concentration. The equilibrium adsorption
as well described by Langmuir adsorption isotherm. Equi-

ibrium adsorption kinetics of Hg(II) on the magnetic beads
beyed the second-order kinetic. Hg(II) ions could be repeat-
dly adsorbed and desorbed without significant losses in their
dsorption capacities. We can conclude that magnetic separa-
ion technique has a high application potential in the recovery of
oxic heavy metal ions from aqueous solution and/or waste water
ystem because of its high speed, low cost and suitability to the
utomation.
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