
C
a

L
a

b

a

A
R
R
A
A

K
C
H
A
T

1

e
w
c
d
c
i
o
m
i
l

e
r
i

m
5

0
d

Journal of Hazardous Materials 161 (2009) 995–1002

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

haracteristics of equilibrium, kinetics studies for adsorption of Hg(II), Cu(II),
nd Ni(II) ions by thiourea-modified magnetic chitosan microspheres

imin Zhoua,b,∗, Yiping Wangb, Zhirong Liua, Qunwu Huangb

Key Laboratory of Nuclear Resources and Environment (East China Institute of Technology), Ministry of Education, Xuefu Road No. 56, Fuzhou, Jiangxi 344000, PR China
School of Chemistry and Chemical Engineering, Tianjin University, Weijin Road No. 92, Tianjin 300072, PR China

r t i c l e i n f o

rticle history:
eceived 18 June 2007
eceived in revised form 24 March 2008
ccepted 15 April 2008
vailable online 26 April 2008

eywords:
hitosan magnetic microspheres

a b s t r a c t

Magnetic chitosan microspheres were prepared and chemically modified with thiourea (TMCS) for adsorp-
tion of metal ions. TMCS obtained were investigated by means of X-ray diffraction (XRD), IR, magnetic
properties and thermogravimetric analysis (TGA). The adsorption properties of TMCS toward Hg2+, Cu2+,
and Ni2+ ions were evaluated. Various factors affecting the uptake behavior such as contact time, tem-
perature, pH and initial concentration of the metal ions were investigated. The kinetics was evaluated
utilizing the pseudo-first-order, pseudo-second-order, and the intra-particle diffusion models. The equi-
librium data were analyzed using the Langmuir, Freundlich, and Tempkin isotherm models. The adsorption
eavy metals
dsorption
hiourea

kinetics followed the mechanism of the pseudo-second-order equation for all systems studied, evidencing
chemical sorption as the rate-limiting step of adsorption mechanism and not involving a mass transfer in
solution. The best interpretation for the equilibrium data was given by Langmuir isotherm, and the max-
imum adsorption capacities were 625.2, 66.7, and 15.3 mg/g for Hg2+, Cu2+, and Ni2+ ions, respectively.
TMCS displayed higher adsorption capacity for Hg2+ in all pH ranges studied. The adsorption capacity of
the metal ions decreased with increasing temperature. The metal ion-loaded TMCS with were regenerated
with an efficiency of greater than 88% using 0.01–0.1 M ethylendiamine tetraacetic acid (EDTA).
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. Introduction

Contamination of aquatic media by heavy metals is a serious
nvironmental problem, mainly due to the discharge of industrial
aste [1]. Heavy metals are highly toxic at low concentrations and

an accumulate in living organisms, causing several disorders and
iseases [2]. The main techniques that have been used on metal
ontent reduction from industrial waste are chemical precipitation,
on exchange, membrane filtration, electrolytic methods, reverse
smosis, solvent extraction, and adsorption [3–5]. However, these
ethods are limited by high operational cost and/or may also be

nefficient in the removal of some toxic metal ions, mainly at trace
evel concentrations [1,6].
The application of magnetic adsorbent technology to solve
nvironmental problems has received considerable attention in
ecent years. Magnetic adsorbents can be used to adsorb contam-
nants from aqueous or gaseous effluents. After the adsorption is
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arried out, the adsorbent can be separated from the medium by a
imple magnetic process [7,8]. These adsorbents have a variety of
urface functional groups which can be tailored for use in specific
pplications. Poly(2-hydroxyethyl methacrylate) [9], poly(oxy-2,6-
imethyl-1,4-phenylene) [10], polyvinyl-butyral [11], and chitosan
12] are typical adsorbents which are used in different applications.

The ability of a material to capture metals is controlled in part
y the number of available functional groups used for binding met-
ls. According to the theory of hard and soft acids and bases (HSAB)
efined by Pearson, metal ions will have a preference for complex-

ng with ligands that have more or less electronegative donor atoms
13]. The sulfur group is known to form stable complexes with soft
eavy metals of high polarizability such as Hg, Ag, Au, and to a lesser
xtent, Cd and Zn [14].

Chitosan is the second most abundant biopolymer in nature,
btained from the shells of shrimp, crabs, and lobsters, which
re waste products of seafood processing industries [15]. Chi-
osan is a natural polysaccharide with many useful features such

s hydrophilicity, biocompatibility, biodegradability, antibacterial
roperties, and remarkable affinity for many biomacromolecules.
hitosan and its derivatives have great potential application in the
reas of biotechnology, biomedicine, food ingredients, and cosmet-
cs. Chitosan is also capable of adsorbing a number of metal ions as

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:minglzh@sohu.com
dx.doi.org/10.1016/j.jhazmat.2008.04.078
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ts amino groups can serve as chelation sites. Due to their high nitro-
en content and porosity, chitosan-based sorbents have exhibited
elatively high sorption capacities and kinetics for most heavy met-
ls [16–19]. However, lack of specificity toward several highly toxic
eavy metals limits the use of chitosan as an effective sorbent.

In the present work, the thiourea-modified magnetic chitosan
icrospheres (TMCS) were prepared. The high content of amino

roups makes possible chemical modification in magnetic chitosan
ith the purpose of improving its features as an adsorbent, such

s selectivity and adsorption capacity. The adsorption equilibrium
nd the kinetics of Hg2+, Cu2+, and Ni2+ ions in aqueous solutions
ith magnetic chitosan microspheres were also investigated. This

dsorbent in our studies has magnetic properties and presents high
dsorption capacity for metal ions, especially for Hg2+ ions.

Generally, biosorbed metal ions can be desorbed and concen-
rated by proper acid. Heavy metal ions can then be recovered
electively and efficiently through multi-stage precipitation by
eans of various solvents. However, acids such as HCl and HNO3
ay react with Fe3O4, which is the magnetic component of TMCS.

thylendiamine tetraacetic acid (EDTA) is known as a very strong
helating agent for many heavy metals, and was proposed to replace
he active groups on TMCS and preferentially complex with metal
ons. Consequently, EDTA was chosen as the desorbent for metal
ons.

. Experimental

.1. Materials

Chitosan with 40 mesh, 90% degree of deacetylation (DD) and
olecular weight of 1.3 × 105 was purchased from Yuhuan Ocean

iology Company (Zhejiang, China). All the other reagents used
n this work were of analytical grade. HgCl2, Cu(NO3)2·H2O, and
iSO4·6H2O were used as sources for Hg2+, Cu2+, and Ni2+ ions,

espectively. Stock solutions (1000 mg/L) of the studied metal ions
ere prepared in distilled water.

.2. Preparation of magnetic chitosan microspheres

Fe3O4 particles were prepared by coprecipitating Fe2+ and Fe3+

ons by ammonia solution and treating under hydrothermal con-
itions [12]. Ferric and ferrous chlorides (molar ratio 2:1) were
issolved in water at a concentration of 0.3 M iron ions. Chemi-
al precipitation was achieved at 25 ◦C under vigorous stirring by
ddition of NH4OH solution (29.6 wt.%). During the reaction pro-
ess, the pH was maintained at about 10. The precipitates were
eated at 80 ◦C for 30 min, washed several times with water and
thanol, and then finally dried in a vacuum oven at 70 ◦C.

The water/oil (W/O) emulsion cross-linking technique was used
or the preparation of magnetic chitosan microspheres. In a typi-
al procedure, 1.0 g of chitosan powder was dissolved in 100 mL
f 2 wt.% aqueous acetic acid solution. Once dissolved, 1.0 g Fe3O4
articles was added and the mixture was sonicated for 30 min. The
/O emulsion was prepared by dropwising the acetic acid solution

ontaining chitosan and Fe3O4 into the dispersion medium, which
as composed of cyclohexane, n-hexanol (11:6, v/v) and an emul-

ifier (1.5 mL Triton X-100). The W/O ratio of the W/O emulsion was
:17 (v/v). During this process, the dispersion medium was stirred
ith a mechanical stirrer at about 1000 rpm at room temperature.
en minutes later, an additional 1 mL of glutaraldehyde was added
o the dispersion medium. Similarly, 1 h later, another 1 mL of glu-
araldehyde was added to the medium, which was then stirred for a
urther 2 h. At the end of this period, the magnetic chitosan micro-
pheres were collected using a magnet and rinsed with ethanol and

T
i
1
3
c

aterials 161 (2009) 995–1002

eionized water for three times. The microspheres were then dried
n an oven at 60 ◦C for 24 h and kept in a vacuum dessicator for
urther analysis and use.

.3. Modification of magnetic chitosan microspheres with
hiourea

Grafting of sulfur groups using epichlorohydrin as a cross-
inking agent was carried out according to the procedure described
y Chassary et al. [20] with chitosan flakes. Four milliliters of
pichlorohydrin was dissolved in 100 mL of acetone, the magnetic
hitosan microspheres (2 g) were added, and the slurry was mixed
t 35 ◦C for 24 h. Thiourea (2 g) was added, and stirring was contin-
ed for 6 h at 60 ◦C, followed by addition of further thiourea (4.6 g)
ith stirring at 60 ◦C. NaOH (1 M, 50 mL) was added, and the slurry
as agitated (4 h, 60 ◦C). The solid product (thiourea derivative of
agnetic chitosan, TMCS) was filtered and successively washed
ith acetone, demineralized water, and methanol, and dried in a

acuum oven at 60 ◦C.

.4. Characterization of the samples

The geometry of the magnetic chitosan microspheres was
bserved by optical microscopy. X-ray diffraction (XRD) data were
ollected on a XRD-2000 X-ray diffractometer with Cu K� radiation.
TIR spectra were measured on a Nicolet, Magna-550 spectrom-
ter. The magnetic chitosan was mixed with KBr and pressed to
plate for measurement. Thermal gravimetric analysis of micro-

pheres was conducted on Shimadzu TGA-50H with heating rate
f 10 ◦C/min in the nitrogen flow. A vibrating-sample magne-
ometer (VSM) (EG & G Princeton Applied Research Vibrating
ample Magnetometer, Model 155, USA) was used at room temper-
ture to characterize the magnetic properties of magnetic chitosan
icrospheres. The sulfur content of TMCS was determined by a

hermo Finnigam 1112 Elemental Analyzer. The specific surface
rea was measured by N2 adsorption isotherm using an ASAP
010 Micromeritics instrument and by Brunauer–Emmett–Teller
BET) method, using the software of Micromeritics. Pore diame-
er greater than 20 Å were determined by mercury porosimeter up
o 2000 kg/cm2 using a Carlo Erba model 200. The zeta potential
f TMCS was measured on a Zeta Potential Analyzer (Brookhaven,
SA). For zeta potential measurements, the samples were diluted
ith 0.1 mmol/L NaCl solution at pH 2.5–10.5 (adjusted by NaOH or
Cl) and measured in the automatic mode.

.5. Metal ion uptake experiments using batch method

.5.1. Effect of pH
Uptake experiments were performed at controlled pH and 28 ◦C

y shaking 0.03 g of dry TMCS with 20 mL (100 mg/L) metal ion solu-
ion for 8 h at 150 rpm. The buffer solutions used for adjusting the
H of the medium were KCl/HCl (pH 1, 2, and 3); acetic acid/sodium
cetate (pH 4 and 5); and Na2HPO4/KH2PO4 (pH 6). Five milliliters
f the solution were taken at the end of the experiment where the
esidual concentration of metal ion was determined using a GGX-9
tomic absorption spectrophotometer.

.5.2. Effect of the temperature
Uptake experiments were performed by placing 0.03 g of dry
MCS in a series of flasks containing 20 mL (100 mg/L) of the metal
on solution at pH 5.0. The flasks were agitated on a shaker at
50 rpm for 8 h while keeping the temperature at 15, 20, 25, 28,
0, or 35 ◦C. After adsorption, solution was filtered and the residual
oncentration of the metal ions was determined.
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ticles were mostly coincident. Six characteristic peaks for Fe3O4
(2� = 30.1◦, 35.5◦, 43.3◦, 53.4◦, 57.2◦, and 62.5◦), marked by their
indices ((2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0)), were
observed in both samples. These results indicated that the magnetic
substance of TMCS was validated as Fe3O4.
Fig. 1. Optical micrograph of magnetic chitosan microsph

.5.3. Effect of contact time
Measurements of metal ion uptake using a batch method were

onducted by placing 0.3 g of dry TMCS in a flask containing 200 mL
100 mg/L) metal ion solution at pH 5.0. The contents of the flask
ere agitated on a shaker at 150 rpm and 28 ◦C. Samples were taken

t time intervals for the analysis of residual metal concentration in
olution.

.5.4. Effect of the initial concentration of the metal ions
The effect of initial concentration of the metal ion on the uptake

y TMCS obtained was carried out by placing 0.03 g of dry TMCS in a
eries of flasks containing 20 mL of metal ions at definite concentra-
ions (Hg2+: 50–1500 mg/L; Cu2+: 25–350 mg/L; Ni2+: 25–250 mg/L)
nd pH 5.0. The contents of the flasks were equilibrated on the
haker at 150 rpm and 28 ◦C for 8 h. After adsorption, the residual
oncentration of the metal ions was determined.

.5.5. Desorption experiments
For desorption studies, 0.15 g of TMCS was loaded with metal

ons (Hg2+, Cu2+, and Ni2+) using 100 mL (100 mg/L) metal ion solu-
ion at 28 ◦C, pH 5.0 and contact time of 8 h. The agitation rate was
xed as 150 rpm. Metal ion-loaded TMCS were collected, and gently
ashed with distilled water to remove any unabsorbed metal ions.

he beads were then agitated with 100 mL of EDTA. The final con-
entration of metal ions in the aqueous phase was determined by
eans of an atomic absorption spectrophotometer. The desorption

atio of metal ions from TMCS was calculated from the amount of
etal ions adsorbed on TMCS and the final concentration of metal

ons in the desorption medium. To test the reusability of the beads,
his adsorption–desorption cycle was repeated five times by using
he same affinity adsorbent.

. Results and discussion

.1. Characterizations of the magnetic chitosan microspheres

Fig. 1 shows an optical micrograph of magnetic chitosan micro-
pheres, and it can clearly be seen that the unmodified magnetic
hitosan microspheres are well shaped spheres and have smooth
urfaces. However, the shapes of the microspheres became irregular
fter modification with thiourea because of the grafting reac-
ion of thiourea. The chitosan layer was formed around the small
ggregates of several Fe3O4 particles. The chitosan magnetic micro-

pheres have the diameter size range of 80–250 �m.

Elemental analysis of sulfur indicated that the magnetic chi-
osan modification with thiourea resulted in a product with a
ulfur content of 2.12 mmol/g. According to mercury porosimetry
ata, the average pore size of the magnetic beads was 891 nm.
efore (left) and after (right) modification with thiourea.

he BET surface area for TMCS was 62.3 m2/g. As shown in FTIR
pectra of TMCS, the carbonyl bands at around 1700 cm−1 showed
hat glutaraldehyde cross-linking in the case of the magnetic chi-
osan microspheres occurred. Because epichlorohydrin tends to
ond to magnetic chitosan using their hydroxyl groups, the TMCS
tructure did not present different groups from the unmodified
agnetic chitosan, except for the decrease in intensity of the peak

t 1599 cm−1 (ı(N–H)) characteristic of magnetic chitosan. These
esults indicated a partial involvement of the amino groups in
he cross-linking reaction. The peak due to sulfur group vibra-
ion was not detected, probably due to the weak signal. The
eaks at 560–660 cm−1 were assigned to Fe–O bond vibration of
e3O4.

The thermogravimetric analysis (TGA) results showed that the
rinciple chains of chitosan began to degrade at about 250 ◦C and
he final temperature of decomposition was approximately 650 ◦C.
he average mass content of Fe3O4 on TMCS by TGA was about 32%.
he magnetic susceptibility measurements of TMCS had a value of
7.6 emu/g. These magnetic properties indicated the possibility of
sing this resin in wastewater treatment.

The XRD results of pure Fe3O4 and TMCS are shown in Fig. 2,
hich confirmed the components of the iron oxide particles. The
RD results of the magnetic chitsoan particles and pure Fe3O4 par-
Fig. 2. XRD patterns of pure Fe3O4 (a) and TMCS (b).
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as shown in Fig. 5(b). The calculated enthalpy changes are −46.19,
−12.67, and −2.45 kJ/mol for Hg2+, Cu2+, and Ni2+ ions, respec-
tively, indicating that the adsorption process was exothermic in
nature.
ig. 3. Effect of pH on the uptake of Hg2+, Cu2+, and Ni2+ ions by TMCS (initial
oncentration 100 mg/L; TMCS 1.5 g/L; contact time 8 h; shaking rate 150 rpm, 28 ◦C).

.2. Effect of pH on metal ion adsorption and the zeta potential

The pH values selected in the experiments were prior to the
recipitation limit of each metal ion (pH 6, 6, and 7 for Hg2+, Cu2+,
nd Ni2+, respectively). As shown in Fig. 3, the higher uptake capac-
ty was achieved at higher pH values. The observed lower uptake
n an acidic medium may be attributed to the partial protona-
ion of the active groups and the competition of H+ with metal
ons for adsorption sites on the TMCS. At pH < 2, no appreciable
ptake was detected for Cu2+ and Ni2+ ions. The results indicate
hat the adsorption percent of Hg2+ is higher than Cu2+ and Ni2+

ons in all pH ranges studied, suggesting possible selectivity for this
etal.
After adsorption of the metal ions for 8 h at low pH (pH 1–3),

.8–1.5 wt.% of Fe3O4 particles on TMCS were dissolved in the acid
olution. The results of thermogravimetric tests showed that the
verage mass content of Fe3O4 on TMCS decreased from 32.0%
efore adsorption to 31.2–30.5% (pH 1–3) after adsorption. TMCS is
lmost insoluble in acidic and alkaline mediums. No obvious leak-
ge of resin materials and change of TMCS was observed in the
xperimental process. TMCS becomes more resistant to lower pH
ompared to their parent chitosan due to the cross-linking reaction

n the preparation process.

The effect of pH values on the zeta potential of TMCS
icrospheres was plotted in Fig. 4. As shown in Fig. 4, the

eta potential of TMCS microspheres decreased as the pH

Fig. 4. Effect of pH values on the zeta potential of TMCS microspheres.

F
(
1

aterials 161 (2009) 995–1002

alue increased. The isoelectric point (pI) of the TMCS was
pproximately 5.92. This revealed that the TMCS microspheres
ere positively charged at pH < 5.92 and negatively charged at
H > 5.92.

.3. Effect of the temperature on the uptake

As shown in Fig. 5(a), the adsorption capacity of the metal ions
ecreased with increasing temperature. The might be due to the

act that the interaction between the metal ions and the active
roups of TMCS was lower at higher temperatures. The magnitude
f the heat of adsorption can provide useful information concern-
ng the nature of the surface and the adsorbed phase. The heat of
dsorption determined at constant amounts of sorbate adsorbed is
nown as the isosteric heat of adsorption (�Hx) and is calculated
sing Clausius–Clapeyron equation [21]:

Hx = R
[

d(ln Ce)
d(1/T)

]
(1)

here R is molar gas constant (8.314 J/mol K). For this purpose, the
quilibrium concentration (Ce) at constant amount of the adsorbed
etal ions is obtained from the adsorption data at different tem-

eratures. �Hx is calculated from the slope of the ln Ce versus 1/T,
ig. 5. (a) Effect of temperature on the uptake of Hg2+, Cu2+, and Ni2+ ions by TMCS
initial concentration 100 mg/L, TMCS 1.5 g/L, pH 5.0, contact time 8 h, shaking rate
50 rpm, 15–35 ◦C) and (b) the plot of ln Ce against 1/T.
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Table 1
Kinetic parameters for Hg2+, Cu2+, and Ni2+ ions adsorption by TMCS

Metals First-order model

k1 (min−1) q1 (mg/g) R2

Hg2+ 33.75 64.10 0.9539
Cu2+ 22.35 43.29 0.9580
Ni2+ 19.55 12.05 0.9504

Metals Second-order model

k2 (g/(mg min)) q2 (mg/g) h (mg/(g min)) R2

Hg2+ 5.55 × 10−4 62.50 2.17 0.9975
Cu2+ 1.08 × 10−3 43.67 2.06 0.9996
Ni2+ 2.93 × 10−3 12.64 0.47 0.9994

Metals Inter-particle model

kp (mg/(g min1/2)) R2

Hg2+ 13.61 0.8469
Cu2+ 15.17 0.8356
Ni2+ 4.19 0.9227
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.4. Adsorption kinetics

Fig. 6 shows the kinetics of the adsorption of metal ions
g2+, Cu2+, and Ni2+ by TMCS. Inspection of the uptake–time
urves, it shows that the maximum uptake follows the order
g2+ > Cu2+ > Ni2+ at all time intervals. The kinetic curve for Hg2+

ons showed that the adsorption was initially rapid, and reached
quilibrium after approximately 180 min. Cu2+ ions adsorption
eached equilibrium in 250 min, and remained constant until the
nd of the experiment. Ni2+ ions adsorption showed the slow-
st kinetic profile of all, reaching equilibrium at approximately
50 min.

In order to evaluate the kinetic mechanism that controls
he adsorption process, pseudo-first-order, pseudo-second-order,
nd intra-particle diffusion models shown as Eqs. (2)–(5) were
mployed to interpret the experimental data [22–23]. A good cor-
elation of the kinetic data explains the adsorption mechanism of
he metal ions on the solid phase [24].

The pseudo-first-order equation was represented by

1
qt

= k1

qet
+ 1

qe
(2)

here k1 (min−1) is the pseudo-first-order adsorption rate con-
tant, qt is the amount adsorbed at time t (min), and qe denotes the
mount adsorbed at equilibrium, both in mg/g.

The pseudo-second-order equation can be expressed as

t

qt
= 1

k2q2
e

+ 1
qe

t (3)

here k2 (g/(mg min)) is the adsorption rate constant of pseudo-
econd-order.

The linear form of the intra-particle diffusion equation is given
y

n qe = ln kp +
(

1
2

)
ln t (4)

here kp (mg/(g min1/2)) is the intra-particle diffusion rate con-
tant.

The initial adsorption rate (h) can be determined from k2 and qe

alues [22] using
= k2q2
e (5)

The kinetic parameters for adsorption of Hg2+, Cu2+, and Ni2+

ons by TMCS are given in Table 1. The experimental qe values are
n agreement with the calculated values using pseudo-first-order

ig. 6. Effect of contact time on the uptake of Hg2+, Cu2+, and Ni2+ ions by TMCS
initial concentration 100 mg/L; TMCS 1.5 g/L; pH 5.0; shaking rate 150 rpm, 28 ◦C).
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nd pseudo-second-order kinetics, which does not happen with
he intra-particle diffusion kinetic equation. This indicates that an
ntra-particle diffusion is not the rate-controlling step. Based on the
btained correlation coefficients, the pseudo-second-order equa-
ion was the model that furthered the best fit for the experimental
inetic data, suggesting chemical sorption as the rate-limiting step
f the adsorption mechanism and no involvement of a mass transfer
n solution [22–24]. The adsorption of the investigated metal ions
nto TMCS may be considered to consist of two processes with ini-
ial adsorption rate of 2.17, 2.06, and 0.47 mg/(g min) for Hg2+, Cu2+,
nd Ni2+ ions, respectively.

TMCS is characterized by its high percentage of nitrogen and
ulfur, present in the form of amine and sulfur groups that are
esponsible for metal ion binding through chelation mechanisms.
mine and sulfur sites are the main reactive groups for metal

ons though hydroxyl groups, especially in the C-3 position, and
hey may contribute to adsorption [15,25]. However, TMCS is pos-
tively charged with a pI of 5.92. Therefore, in acidic solutions it is
rotonated and possesses electrostatic properties. Thus, it is also
ossible to adsorb metal ions through anion exchange mechanisms
26]. Physical adsorption plays little role in the interaction between
MCS and the metal ions because TMCS microspheres have a
mall surface area (62.3 m2/g). Polysaccharides are, in general, non-
orous and their derivatives possess a low surface area. Chitosan
as a very low specific area ranging between 2 and 30 m2/g. How-
ver, most commercial activated carbons have a specific area of the
rder of 800–1500 m2/g [27].

The rate constant for Hg2+ ions was higher than the values found
or Cu2+ and Ni2+ ions, which is seen on the kinetic curve. The
seudo-second-order kinetic model also provided the best corre-

ation of the experimental data in the studies carried out by Atia
t al. [28] on adsorption of Hg2+, Cu2+, and Ni2+ ions onto Co3O4-
ontaining resin, by Sag and Aktay [29] on adsorption of Cr6+ and
u2+ ions onto chitosan, and by Wu et al. [24] on adsorption of
u2+ ions onto chitosan in the presence of complexing agents. The
dsorption of Cd2+ and Ni2+ ions by activated carbons developed
rom a biosource in the study carried out by Basso et al. [3] also was
est described by the pseudo-second-order model, in agreement
ith the kinetic results found in our study with TMCS for these

etals.
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Table 2
Parameters for Hg2+, Cu2+, and Ni2+ ions adsorption by TMCS according to different
equilibrium models

Metals Langmuir isotherm constants

KL (L/g) qm (mg/g) R2

Hg2+ 8.0 × 10−3 625.2 0.9896
Cu2+ 2.7 × 10−2 66.7 0.9893
Ni2+ 2.4 × 10−2 15.3 0.9903

Metals Freundlich isotherm constants

KF n R2

Hg2+ 12.39 1.60 0.9538
Cu2+ 1.38 2.31 0.9145
Ni2+ 6.11 2.33 0.9145

Metals Tempkin isotherm constants

A B R2
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.5. Adsorption isotherms

Fig. 7 shows the adsorption equilibrium isotherms obtained for
g2+, Cu2+, and Ni2+ ions by TMCS. A relationship was observed
etween the amount of metal ion adsorbed on the adsorbent sur-
ace and the remaining metal ion concentration in the aqueous
hase at equilibrium. It was shown that the adsorption capacity

ncreased with the equilibrium concentration of the metal ion in
olution, progressively saturating the adsorbent. For interpreta-
ion of the adsorption data, the Langmuir [30], Freundlich [31], and
empkin and Pyzhev [32] isotherm models were used.

The linear form of the Langmuir isotherm is given by

Ce

qe
= 1

KLqm
+ Ce

qm
(6)

here qe and Ce are the amount adsorbed (mg/g) and the adsorbate
oncentration in solution (mg/L), both at equilibrium. KL (L/g) is
he Langmuir constant and qm (g/mg) is the maximum adsorption
apacity for monolayer formation on adsorbent.

The Freundlich equation is given by

n qe = ln KF + 1
n

ln Ce (7)

here both KF and n are constants.
The Tempkin isotherm has been used in the following form [32]:

e = RT

b
ln A + RT

b
ln Ce (8)

here

= RT

b
(9)

A plot of qe versus ln Ce enables the determination of the con-
tants A and B. The constant B is related to the heat of adsorption.

The results obtained from adsorption isotherms for Hg2+, Cu2+,
nd Ni2+ ions by TMCS are shown in Table 2. For the three studied
ystems, the Langmuir isotherm correlated better (R2 > 0.989) than
reundlich and Tempkin isotherm with the experimental data from
dsorption equilibrium of metal ions by TMCS, suggested a mono-
ayer adsorption. The maximum adsorption values were 625.2, 66.7,
nd 15.3 mg/g for Hg2+, Cu2+, and Ni2+ ions, respectively, which are

n good accordance with experimentally obtained values.

The maximum adsorption capacity (qm) obtained by Langmuir
sotherm for Hg2+ was higher than the values found for Cu2+

nd Ni2+, showing the following capacity order: Hg2+ > Cu2+ > Ni2+.
enizli et al. [33] reported the adsorption selectivity order of

ig. 7. Adsorption isotherms of Hg2+, Cu2+, and Ni2+ ions by TMCS (initial concentra-
ion: Hg2+ 50–1500 mg/L; Cu2+ 25–350 mg/L; Ni2+ 25–250 mg/L; TMCS 1.5 g/L; pH
.0; contact time 8 h; shaking rate 150 rpm, 28 ◦C).

t
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D

C

0
0
0
0
0

g2+ 1.01 110.94 0.9476
u2+ 1.08 12.34 0.9198
i2+ 1.33 3.52 0.9523

g2+ > Cu2+ > Ni2+ using different chelating resins, which was in
greement with the order observed in this study. A high adsorp-
ion affinity for Hg2+ is expected, especially due to the involvement
f the sulfur group. Mercury is characterized as a “soft” Lewis acid
ue to its high polarizability. It forms strong covalent bonds with
soft” Lewis bases, notably with reduced sulfur. The higher affinity
or Cu2+ than that of Ni2+ may be attributed to Jahn–Teller effect
hich is predominant for copper complexes [33].

Atia et al. [28] reported maximum adsorption capacities (qm)
f 454, 143, and 76 mg/g for Hg2+, Cu2+, and Ni2+ ions, respec-
ively, using ehylenediamine-modified Co3O4-containing resin.
ther authors have reported qm values of 334, 27, and 20 mg/g

or Hg2+, Cu2+, and Ni2+ ions, respectively, using different synthetic
helating resins; and 234, 35, and 25 mg/g for Hg2+, Cu2+, and Ni2+

ons, respectively, using Dowex-50×-100 with –SO3H functional-
ty [33]. In terms of total capacity, our modified magnetic chitosan

icrospheres (TMCS) displayed magnetic properties along with
igher efficiency in the removal of Hg2+, due to the high affinity of
he sulfur group and Hg2+ to form stable complexes. The qm values
f the unmodified magnetic chitosan microspheres for Hg2+, Cu2+,
nd Ni2+ are 412.1, 38.2, and 8.7 mg/g, respectively, which are lower
han those of TMCS. These results indicated that chemical modifica-
ion of magnetic chitosan with thiourea improved the adsorption
apacity for the investigated metal ions, especially for Hg2+ and
u2+ ions.

.6. Desorption characteristics
As shown in Table 3, the desorption ratio of metal ions using
.1 M EDTA was 94.5, 96.7, and 95.5% for Hg2+, Cu2+, and Ni2+,
espectively. The desorption ratio of metal ions increased as EDTA
oncentration increased. However, the desorption ratio of the

able 3
esorption ratio of Hg2+, Cu2+, and Ni2+ ions for various concentration of EDTA

oncentration of EDTA (M) Desorption ratio (%)

Hg2+ Cu2+ Ni2+

.1 94.5 96.7 95.5

.05 91.8 93.6 92.5

.01 89.6 90.8 88.2

.005 74.8 78.4 81.1

.001 52.2 48.8 60.1
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ig. 8. Desorption ratio of Hg2+, Cu2+, and Ni2+ ions respect to time using 0.01 M
DTA.

nvestigated ions was more than 88% and was almost the same in
he range over 0.01 M of EDTA concentration. Therefore, the best
oncentration of EDTA was determined to be 0.01 M for econom-
cal process. As shown in Fig. 8, desorption ratio of mercury ions
ncreased over time. It was generally reported that most desorption
rocesses finished within 180 min [18]. In the case of this study, it
lmost completed within 160 min, indicating a fast desorption pro-
ess. The adsorption capacity of the TMCS could still be maintained
t 90% level at the 5th cycle, as shown in Table 4. These results
ndicated that no appreciable loss in activity over at least five cycles.

.7. Reactor configuration and magnetic particle separation

There have been several magnetic separation approaches per-
ormed under magnetic field [34,35]. The most well known
echnique is the liquid magnetically stabilized fluidized bed (MSFB).
he MSFB combines of the best characteristics of both packed and
uidized bed. These include the efficient fluid–solid mass transfer,
limination of particle mixing, low pressure drop, high feed-stream
olid tolerances, good fluid–solid contact, elimination of fouling and
ontinuous countercurrent operation [9]. A schematic diagram of
he liquid MSFB was described elsewhere [35]. Briefly, the bed cen-
er was positioned at the origin of the magnetic field. Liquid phase
as supplied from the bottom inlet of the bed by a pump. Two per-
anent magnets were placed apart, and the field orientation was

erpendicular to the flow. The intensity of the applied magnetic
eld could be adjusted by the distance between two permanent
agnets. At a constant magnetic field intensity, the bed changed
ith increasing liquid velocity from the unfluidized bed to a sta-
ly fluidized bed. After adsorption, the adsorbent can be separated
rom the treated water by applying the magnetic field.

able 4
epeated adsorption of Hg2+, Cu2+, and Ni2+ ions by TMCS (adsorption conditions:

nitial concentration 100 mg/L, TMCS 1.5 g/L, pH 5.0, contact time 8 h, 150 rpm, 28 ◦C)

ycle number Adsorption capacity (mg/g)

Hg2+ Cu2+ Ni2+

60.06 42.93 12.15
58.29 41.36 11.86
56.48 40.62 11.44
55.76 40.18 11.22
54.87 39.42 11.03

[

[

[

[

[

[

[

aterials 161 (2009) 995–1002 1001

. Conclusions

Magnetic chitosan microspheres modified with thiourea were
btained and characterized. Analysis indicated that the Fe3O4 par-
icles were well dispersed in TMCS. The thiourea-modified chitosan

agnetic microspheres showed greatly improved uptake proper-
ies of metal ions such as Hg2+, Cu2+, and Ni2+ ions compared to
he unmodified ones, as well as previously reported synthetic ones.
he higher affinity of Hg2+ and Cu2+ ions toward the resin was
xplained on the basis of soft acid nature of Hg 2+ and Jahn–Teller
ffect for Cu2+ complexes, respectively. The adsorption kinetics fol-
owed the pseudo-second-order equation for all systems studied.
he equilibrium data was well described by the Langmuir isotherm.
egeneration of TMCS obtained was achieved by using 0.01–0.1 M
DTA with efficiency of greater than 88%. Feasible improvements in
he uptake properties along with the magnetic properties encour-
ge efforts for TMCS obtained to be used in water and wastewater
reatment.
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