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a b s t r a c t

In this study, a series of batch experiments is conducted to investigate the ability of magnetic alginate
beads containing Cyanex 272® to remove Co(II) ions from aqueous solutions. Equilibrium sorption experi-
ments show a Co(II) uptake capacity of 0.4 mmol g−1. The data are successfully modelled with a Langmuir
equation. A series of kinetics experiments is then carried out and a pseudo-second order equation is used
to fit the experimental data. The effect of pH on the sorption of Co(II) ions is also investigated. Desorption
eywords:
agnetic separation
anoparticles
eavy metals
lginate
aghemite

experiments by elution of the loaded beads with nitric acid at pH 1 show that the magnetic alginate beads
could be reused without significant losses of their initial properties even after 3 adsorption–desorption
cycles.

© 2008 Elsevier B.V. All rights reserved.
emediation

. Introduction

The wide use of heavy metal solutions in many industrial activ-
ties (battery manufacturing, painting,. . .) results in generation of
arge quantities of effluent that contain high levels of heavy met-
ls. Most of them are toxic and carcinogenic agents and their
resence in the aquatic ecosystem poses human health risks due
o their non-degradable and persistent nature. Strict regulations
oncerning their presence in the aquatic environment have thus

een introduced in recent years. Consequently, the treatment of

ndustrial effluents is a challenging topic in environmental field
nd many methods are used for the removal of toxic metals from
queous solutions such as, for example, chemical precipitation [1],
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liquid–liquid extraction [2], ion-exchange [3] adsorption [4], fil-
tration [5,6], electrochemical treatment [7], reverse osmosis [8],
membrane technologies [9], and evaporation recovery [10]. In this
framework, adsorption [11], may be a suitable wastewater tech-
nology competitive with the conventional technologies to remove
heavy metals. Currently, research is focused on the use of bioadsor-
bents which are inexpensive, biodegradable and available in large
quantities to support potential demand [12].

Alginate, a natural polysaccharide extracted from brown sea-
weeds, is a very promising bioadsorbent; it was preferred over other
materials because of its various advantages such as biodegradabil-
ity, hydrophilic properties, natural origin, abundance and presence
of binding sites due to its carboxylate functions. Alginate consists
of linear copolymers composed of �-d-Mannuronate (M) and �-l-
Guluronate (G), linked by � 1,4- and � 1,4-glycosidic bounds. M and
G units are organised in homopolymeric M and G blocks and het-
eropolymeric M–G blocks. The proportions of these blocks and the
ratio M/G vary with the source of the alginate polymer. The carboxy-
late groups of the polymer provide the ability to form biodegradable

gels in the presence of multivalent cations and more specifically
with calcium ions via ionic interactions [13]. In the environmental
field, alginate beads are widely used for the removal of heavy metals
from wastewater [14]. On the other hand, alginate beads contain-
ing different components to enhance the adsorption capacity of the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Nomenclature

n(Fe)P Amount of iron of the particles (mol)
qeq Amount of metallic ions adsorbed at equilibrium

(mmol g−1)
qt Amount of metallic ions adsorbed at any time

(mmol g−1)
n(Na+)P Amount of sodium counterions of the adsorbed cit-

rate on nanoparticles (mol)
N Avogadro number
DP Degree of polymerization of alginate
d0 Diameter of nanoparticles (nm)
Ceq Equilibrium concentration of metallic cations in the

aqueous phase (mol L−1)
[M2+]added Initial amount of metallic cations dissolved in

solution (mol L−1)
�0 Initial sorption rate (mmol g−1 h−1)
K Langmuir constant (L mol)
qmax Maximum amount of adsorbed cations (mmol g−1)
M Molar mass of maghemite (mol g−1)
Mn Number average molar weight of alginate (g mol−1)
IP Polydispersity indice of alginate
k Rate constant of sorption (g mmol−1 h−1)
� Size distribution width of nanoparticles
s Specific area of nanoparticles (cm2 g−1)
sP Surface of one nanoparticle (cm2)
t Time (h)
� Volume fraction in magnetic material
vP Volume of one nanoparticle (cm3)
� Volumic mass of nanoparticles (g cm−3)
q Unit charge (C)
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Mw Weight average molar weight of alginate (g mol−1)
pH50 pH where 50% of qmax is reached

ystem are also widely investigated [15].
An innovative technology that gains attention is the use of

agnetic materials for magnetic separation of pollutants from
ffluents. In environmental applications, magnetic separation can
e a promising method for a novel purification technique because

t produces no contaminants such as flocculants and has the capa-
ility to treat a large amount of wastewater within a short time.
oreover, this approach is particularly appropriate when the prob-

em of separation is complex, i.e. when polluted water contains solid
esidues which exclude their treatment in column with regards
ith the risks of filling. In this framework, our purpose is to develop
agnetic alginate beads to remove heavy metal from effluents at

easonable cost. In environmental applications, the use of magnetic
lginate beads remains rare [16,17]. Nevertheless the incorporation
f magnetic particles in a polymer matrix might provide several
dvantages such as the facility to remove beads from the effluent
o reuse them after their regeneration. In our previous papers, we
ave synthesized magnetic alginate beads for the removal of nickel

ons or organic pollutants [18,19].
We propose in the present work to investigate the uptake of

o(II) ions from aqueous solutions by magnetic alginate beads using
atch experiments. The beads are obtained by encapsulation within
Ca-alginate matrix of magnetic nanoparticles and Cyanex 272®

bis (2,4,4-trimethylpentyl) phosphinic acid), a common extrac-
ant [20] known in liquid/liquid extraction for its good affinity with

obalt(II). Results are compared with those of our previous work
oncerning Ni(II) extraction by the same kind of beads. The effects
f contact time, initial concentration of metal cations and pH on the
ations removal are investigated. A study about the regeneration of
he beads in acidic medium is also reported.
s Materials 166 (2009) 1043–1049

2. Experimental

2.1. Materials

Sodium alginate is purchased from Fluka and used without fur-
ther purification. Calcium(II) and cobalt(II) solutions are prepared
by dissolution of CaCl2, 2H2O and Co(NO3)2, 6H2O (R. P. Norma-
pur, Prolabo) in deionized water, respectively. The extractant agent,
Cyanex 272®, composed of bis (2,4,4-trimethylpentyl) phosphinic
acid (pKa = 3.38) [21] is supplied by Cytec (Canada) and used with-
out purification. Its molar weight is equal to 290 g mol−1.

2.2. Preparation of magnetic alginate beads

2.2.1. Preparation of alginate solution
The weight average molar weight (Mw) and the number average

molar weight (Mn) of alginate are respectively equal to 1.65 × 105

and 9.65 × 104 g mol−1, leading to a polydispersity indice (IP) equal
to 1.7. The ratio M/G, obtained from NMR measurements, is equal
to 0.90. The alginate stock solution is prepared by dissolving
sodium-alginate in a known volume of distilled water; sodium
azide (1.54 × 10−4 mol L−1) is added to prevent the solution from
the development of bacteria. The sodium content of the alginate
polymer, obtained by atomic absorption spectrophotometry using a
PerkinElmer Analyst 100 apparatus, is equal to (4.4 ± 0.5) mmol g−1

leading to a repeating unit molar mass equal to (227 ± 26) g mol−1.
This value agrees with the theoretical value (195 g mol−1); the
deduced degree of polymerization (DP) is equal to 762. The high
polydispersity of the sodium content is due to the heterogeneity
of the alginate powder used as can be expected with this natural
product.

2.2.2. Preparation of magnetic nanoparticles
The magnetic material used is a ferrofluid composed of

maghemite (�-Fe2O3) nanoparticles coated by citrate ions and
dispersed in an aqueous solution. It is synthesized by using the
improved Massart process [22] described in our previous work [18]
and has the same characteristics as the one used in this work. The
iron concentration of the ferrofluid is equal to 1.81 mol L−1 which
corresponds to a volume fraction in magnetic material (�) equal
to 2.85%, i.e. about 2 × 1017 nanoparticles per cm3. The ferrofluid
is a polydispersed system of rocklike nanoparticles which can
be approximated as spheres. Magnetization measurements allow
determining the mean diameter d0 = 6.8 nm and the distribution
width � = 0.4 of the nanoparticles.

2.2.3. Preparation of magnetic alginate beads
The preparation of magnetic alginate beads has been described

elsewhere [18]. 60 mL of an aqueous mixture containing 5.46 mL
of ferrofluid ([Fe] = 1.81 mol L−1), 0.5 g of sodium-alginate and 0.4 g
of Cyanex 272® are introduced dropwise using a syringe (diame-
ter = 1 mm) into 100 mL of 0.5 mol L−1 CaCl2. The beads are formed
upon contact with calcium ions and left 16 h at room temperature in
the CaCl2 bath without agitation. After their removal from the cal-
cium bath, the beads are washed with deionized water to remove
the excess of calcium ions and dried in an oven at 60 ◦C for 2 days.
Weight measurements before and after drying show that wet beads
contain 90% w/w water. Beads are spherical and red-brown due
to the presence of maghemite nanoparticles. An example of a size
distribution curve fitted with a Gaussian distribution is given in
Fig. 1. The mean diameter of the dried beads and the polydisper-

sity factor are 0.89 mm and 0.02, respectively. The results obtained
for different synthesis show a good reproducibility. Table 1 reports
the principal characteristics of the beads such as their weight,
mean diameter and calcium, sodium, iron and Cyanex 272® con-
tents. The amounts of calcium, sodium and iron are determined by
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taining (7.2 ± 0.3) × 10 g of dried beads in 10 mL of a Ni(NO3)2
or Co(NO3)2 solution ([Co]added or [Ni]added = 1.5 × 10−2 mol L−1, i.e.
2.1 mmol g−1) are prepared, pH solution is adjusted to 5.2 ± 0.2.
After 48 h stirring, beads are removed from the solution by the use
of a magnet and washed with distilled water. The loaded beads are
Fig. 1. Optical microscopy picture and

tomic absorption spectrophotometry using a PerkinElmer Analyst
00 apparatus. The Cyanex 272® content of the beads is checked
y measuring the amount of phosphorus by Inductively Coupled
lasma-Atomic Emission Spectroscopy (ICP-AES). The amounts of
he different species are expressed in mmol per weight of dried
eads. The iron content of the beads (3.8 mmol g−1) is close to the
mount of magnetic nanoparticles initially added to the alginate
olution (3.9 mmol g−1). It agrees with the absence of nanoparticles
elease. Iron content corresponds to a volume fraction of nanoparti-
les in the beads equal to about 9.4%, i.e. a number of nanoparticles
er bead close to 2.3 × 1014. The sodium content of the beads is

ow compared to calcium content due to the ion exchange between
odium and calcium ions at the time of the gelation process. The
eads contain two kinds of calcium ions: free calcium ions and
alcium ions bound to the active sites of the beads resulting from
he presence of the phosphinic functions of Cyanex 272® and the
arboxylate functions of both citrate adsorbed on the magnetic
anoparticles and alginate.

.3. Adsorption experiments

The efficiency of the Co(II) ions removal from aqueous solu-
ions using magnetic alginate beads is studied in a batch mode
y mixing 10 mL of aqueous solutions of Co(NO3)2 at differ-
nt concentrations with (7.2 ± 0.3) × 10−2 g of dried beads (i.e.
07 ± 5 beads). The pH value is adjusted to pH = 5.2 ± 0.2 with
ither nitric acid or tetramethylammonium hydroxide (TMAOH)
olution. The solutions are not buffered to mimic potential indus-
rial practice. The influence of pH solution on the uptake of
o(II) ions by beads is also investigated by mixing 10 mL of
o(NO3)2 solution ([Co]added = 1.5 × 10−2 mol L−1, i.e. 2.1 mmol g−1)
ith (7.2 ± 0.3) × 10−2 g of dried beads. The pH solution is

djusted with either nitric acid or tetramethylammonium hydrox-
de (TMAOH) solution. The experiments are carried out with initial

H values lower than 8 since insoluble Co(II) hydroxide starts
recipitating from solution at higher pH values making sorption
tudies difficult.

All the samples are shaken for 48 h at room temperature for
omplete equilibration and equilibrium pH values are measured.

able 1
eads characteristics. The amounts of calcium, sodium, iron and Cyanex 272® are
xpressed in mmol g−1 of dried beads.

eight of dried beads (g) 2.55 ± 0.04
iameter (mm) 0.89 ± 0.02

Fe] 3.8 ± 0.2
Na] 0.27 ± 0.01
Ca] 2.7 ± 0.3
yanex 272® 0.46 ± 0.01
distribution of dried magnetic beads.

The beads are then easily removed from the solution by magnetic
separation using a magnet (≈1 T) as shown in Fig. 2.

Kinetic experiments are performed by preparing different flasks
containing (7.2 ± 0.3) × 10−2 g of dried beads and 10 mL of a
Co(NO3)2 solution ([Co]added = 1.5 × 10−2 mol L−1, i.e. 2.1 mmol g−1).
pH values of the samples are adjusted to 7.5 with a TMAOH solu-
tion and the flasks are vigorously stirred. At different contact times,
the pH is measured and beads are removed from the solution by
magnetic separation for analysis.

The removal of Co(II) ions from a solution containing Co(II)
and Ni(II) ions is also investigated in order to study the compe-
tition between the two cations for adsorption by alginate beads.
Samples containing Ni(II) and Co(II) at the same concentration
([Co(II)]added + [Ni(II)]added = 1.5 × 10−2 mol L−1, i.e. 2.1 mmol g−1)
are prepared at different pH.

For all the samples, the amounts of calcium, cobalt, nickel and
iron in the beads and/or in the solution are determined by atomic
absorption spectrophotometry. The validity of the analysis is veri-
fied by comparing the initial amount of cations to the sum of the
amounts of cations present in the solution and in the beads; good
recoveries are observed.

2.4. Regeneration of the beads

In order to study the reusability of the beads, consecutive
adsorption–desorption cycles are realized as follows: samples con-

−2
Fig. 2. Photograph of magnetic alginate beads attracted by a magnet.
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Co(II) extraction is equal to 4.9. It is close to the value obtained
by Tsakiridis and Agatzini-Leonardou [30] or Sarangi et al. [31] in
liquid/liquid extraction of Co2+ with Cyanex 272® (pH50 = 4.5). Con-
046 A.-F. Ngomsik et al. / Journal of Haz

hen placed 48 h in a nitric acid solution at pH 1. The regenerated
eads are introduced again in a solution containing nickel or cobalt

ons at pH 5.2 ± 0.2. This adsorption–desorption cycle is repeated
times. The amounts of remaining nickel, cobalt and iron in the

eads are determined by atomic absorption spectrophotometry.

. Results and discussion

.1. Adsorption studies

.1.1. Adsorption isotherms
The sorption isotherms are used to characterize the interac-

ion of Co(II) ions with the adsorbent. It expresses the relation
etween the amount of adsorbed Co(II) ions per unit mass of
ried beads (qeq) and the Co(II) concentration in solution (Ceq in
ol L−1) at equilibrium. The isotherm obtained at pH = 5.2 ± 0.2

n a wide range of initial Co(II) concentrations (2–160 mmol L−1,
.e. 0.3–23 mmol g−1) is shown in Fig. 3. The equilibrium amount
f adsorbed Co(II) first increases by increasing the Co(II) concen-
ration of the solution. It then reaches a constant value equal to
.38 mmol g−1. Few studies on the adsorption of Co(II) by algi-
ate beads or by other biosorbents are reported in the literature
12,23–25]. It is difficult to directly compare the sorption capac-
ty values expressed in mmol g−1 of beads, because the beads do
ot always have the same composition. The results obtained, for
xample, by Ozdemir et al. with alginate beads [25] showed that
he maximum amount of cobalt sorbed is 0.7 mmol g−1 of alginate.
f we express our result in the same unit we obtain 1.9 mmol g−1 of
lginate. So, it seems that our magnetic alginate beads present bet-
er extraction ability upon cobalt(II) due to the presence of magnetic
anoparticles and Cyanex 272® encapsulated in alginate beads
llowing an increase of the number of available sites. It has to be
oticed that generally a lower uptake by biosorbents of Co(II) than
thers cations like lead, copper or cadmium is reported [13,25–27].

Among the available models for sorption data analysis, the
angmuir adsorption model is employed to describe the sorption
rocess. This model assumes a monolayer adsorption process on a
omogeneous surface. Although the Langmuir model cannot pro-
ide any mechanistic understanding of the sorption phenomena,
t may be conveniently used to estimate the maximum uptake of
ations from experimental data. The mathematical equation is:

eq = qmaxKCeq

1 + KCeq

here C (mol L−1) and q (mmol g−1) are the equilibrium con-
eq eq

entrations of Co(II) in the solution and adsorbed by the beads,
espectively; qmax (mmol g−1) is the maximum amount of adsorbed
o(II) and K (L mol−1) the Langmuir constant related to the affin-

ty of the adsorbate for the adsorbent. The qmax value is found

ig. 3. Sorption isotherm of Co(II) onto beads (�) and evolution of Ca(II) in the beads
�). The dashed line represents the fit of the isotherm by a Langmuir equation.
quilibrium pH = 5.2 ± 0.2; equilibrium time = 48 h; mbeads = (7.2 ± 0.3) × 10−2 g.
s Materials 166 (2009) 1043–1049

to be equal to 0.41 mmol g−1 with a Langmuir constant equal to
53 L mol−1. As it is shown in Fig. 3, the experimental data are well
fitted by the Langmuir plots. The sorption process is thus well
described by the Langmuir model. In one hand it can mean that
even if different chemical groups are available in our system, it acts
as a homogeneous surface. On the other hand, it is consistent with
a monolayer or less of Co(II) ions on the binding sites of the beads.

For all the samples, the calcium content of the beads is also deter-
mined. As it is shown in Fig. 3, calcium ions are released from the
beads while Co(II) is gradually sorbed by them. The calcium con-
centration in the beads initially equal to 0.53 mmol g−1 decreases
to reach 0.12 mmol g−1 when the maximal amount of Co(II) ions is
adsorbed (0.38 mmol g−1). So the amount of released calcium ions
is equal to 0.41 mmol g−1. The uptake of Co(II) is thus governed by
a competition mechanism between Co(II) ions and Ca(II) ions for
binding sites as it has been shown previously with Ni(II). In both
cases, one calcium ion is roughly replaced by one cobalt or nickel
ion.

3.1.2. Effect of pH on adsorption
pH is an important factor affecting the removal of cations from

aqueous solutions. The dependence of metal biosorption on pH is
related to both the metal chemistry in solution and the ionization
state of the functional groups of the biosorbent which affects the
availability of binding sites. So, the dependence of Co(II) uptake on
equilibrium pH is studied (Fig. 4). It can be seen that higher pH leads
to higher metal uptake. A weak adsorption occurs in acid medium.
Acid conditions are not favourable because most of the functional
groups of the components of the beads (alginate, citrate and Cyanex
272®) are protonated leaving few available ionized groups. Compe-
tition between protons and metal species could thus explain the
weak adsorption in acid medium. An increase of pH leads to an ion-
ization of the functional sites inducing an increase of adsorption.
Several researchers investigated the effect of pH on adsorption of
metals by using different kinds of biosorbents [13,28]. For example,
Bayramoglu et al. [29] studied the adsorption of Hg(II), Pb(II) and
Cd(II) on immobilized microalgae in Ca-alginate beads using simple
Ca-alginate beads as a control system. In all cases, they observed a
maximum metal ions adsorption between pH 5 and 6. They also
explained the weak adsorption in acidic medium by the protona-
tion of active sites which adversely affects the sorption capacity
of their biosorbents. The value of pH50 corresponding to 50% of
sequently, it can reasonably be assumed that adsorption in this
range of pH is mainly due to the presence of Cyanex 272® which

Fig. 4. Effect of equilibrium pH on Co(II) (�) sorption by beads.
[Co]added = 2.1 mmol g−1; equilibrium time = 48 h; mbeads = (7.2 ± 0.3) × 10−2 g.
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ig. 5. Effect of equilibrium pH on Co(II) (�) and Ni(II) (�) sorption by
eads in a bimetallic solution; (�) total amount of cations adsorbed.
Ni]added = [Co]added = 2.1 mmol g−1, mbeads = (7.2 ± 0.3) × 10−2 g, equilibrium
ime = 48 h.

onfers its properties to the beads. For pH about 7, the quantity
f adsorbed Co(II) is equal to about 0.33 mmol g−1. The amount
f calcium ions remaining in the beads at the same pH is equal
o 0.42 mmol g−1. By assuming that the free calcium is released
n the solution, the total amount of adsorbed cations is equal to
.8 mmol g−1 which is close to the estimate quantity of available
ites in the beads. It has to be noticed that the amount of remain-
ng Ca(II) ions into the beads roughly corresponds to the number of
a(II) ions bound to alginate. These Ca(II) ions contribute to the for-
ation of the alginate gel and seem to be more difficult to displace

y ionic exchange with Co(II) ions.
The influence of equilibrium pH on the removal of Co(II) and

i(II) ions by beads from a solution containing the two cations
imultaneously at the same concentration is also investigated
Fig. 5). The adsorption isotherms present the same features as
reviously. On the other hand, in spite of Ni(II) and Co(II) are intro-
uced at the same concentration, the affinity of the beads is more

mportant for Co(II) than for Ni(II). At pH = 7.3, the adsorbed cations
orrespond to 35% of Ni(II) and 65% of Co(II). Anyway the maxi-
um amount of cations adsorbed is close to the one obtained for
onometallic Co(II) solution. Moreover, at the same pH, the amount

f Ca(II) beads is equal to 0.46 mmol g−1. So the total amount of
dsorbed cations (0.8 mmol g−1) is always close to the number of
ctive sites.

It has to be noticed that in all the range of pH used, no release of
he magnetic nanoparticles is observed. Thus the magnetic proper-
ies of the beads are preserved.

.2. Kinetic studies

The adsorption rate of Co(II) ions uptake by beads is studied
y following the decrease of the Co(II) concentration within the
olution and the increase of Co(II) concentration within the beads
ith time (Fig. 6). A two-stage kinetics behaviour is observed. A

ather fast uptake of Co(II) ions, related to a small decrease of
he pH value from 7.5 to 6.5, occurs within the first hour proba-
ly due to an adsorption on the surface of the beads. It has to be
oticed that this pH decrease is not observed for the beads which
re immersed in water without Co(II) during the same time. So it
an be attributed to the adsorption process and indicates a competi-

ion for binding sites between Co(II) ions and remaining protons on
he alginate matrix. After 1 h, about 55% of the maximum sorption
apacity is reached. A slower increase of the amount of adsorbed
o(II) ions is then observed while the pH value of the solution
emains constant. This slower step is controlled by mass transfer
Fig. 6. Kinetics of the uptake of Co(II). Adsorbed Co (qt: �); Co in solution
([Co]s: �); remaining Ca in the beads ([Ca]b: �). The dashed line repre-
sents the fit with a pseudo-second order rate equation. [Co]added = 2.1 mmol g−1;
mbeads = (7.2 ± 0.3) × 10−2 g; pHinitial = 7.5.

through the alginate network. After 17 h, the amount of adsorbed
Co2+ (qeq) is equal to (0.39 ± 0.03) mmol g−1 (93% of the maximum
sorption capacity). These results could be compared with those
obtained with Ni2+ ions removal by the same beads in our previ-
ous study [18]. A two-stage kinetics behaviour was also observed.
But the amount of adsorbed Ni2+ ions in the first hour was smaller
(30%) than for Co(II) ions. Equilibrium was reached at 20 h. Nev-
ertheless the adsorbed amounts at equilibrium are the same for
the two cations. Ozdemir et al. studying the recovery of Co(II) and
Cd(II) by different kinds of beads: alginate, alginate-EPS (exocel-
lular polysaccharide), alginate-cell or alginate-EPS-cell [25] also
observed a two-stage kinetic behaviour, their equilibrium times are
smaller than our value (about 1 h). Nevertheless, it is difficult to
compare studies published in the literatures, which are often car-
ried out under different experimental conditions. In our case, we
use dried beads while Ozdemir et al. used wet beads which favour
the sorption kinetics [25].

As previously with Ni(II), the kinetic data of sorption of Co(II)
ions are modelled using a pseudo-second order rate equation which
is often successfully used to describe the kinetics of the extraction
of pollutants by an adsorbent [32]. The kinetic rate equation is:

dqt

dt
= k(qeq − qt)

where k (g mmol−1 h−1) is the rate constant of sorption, qeq

(mmol g−1) the amount of Co(II) ions adsorbed at equilibrium and
qt (mmol g−1) the amount of Co(II) ions adsorbed at any time t (h).
Integrating this equation for the boundary conditions t = 0 (qt = 0)
to teq (qt = qeq) and then linearizing it leads to:

t

qt
= 1

kq2
eq

+ 1
qeq

t

By plotting t/qt versus t, a straight line is obtained (the correlation
coefficient is equal to 0.9982) allowing the determination of qeq

(0.39 mmol g−1) and k (2.2 g mmol−1 h−1). The value of equilibrium
sorption capacity shows a good agreement with the experimental
equilibrium Co(II) uptake and a good fit of the experimental curve
is observed (Fig. 6).

The time evolution of the Ca content of the beads ([Ca]b)
is also studied (Fig. 6). In the first minutes the amount of cal-

cium ions in the beads drastically decreases. The calcium loss
(1.5 mmol g−1) is attributed to the release of unbound calcium
entrapped in the alginate network. The remaining Ca(II) in the beads
(about 1.1 mmol g−1) is close to the number of binding sites of the
beads (≈1 mmol g−1) estimated previously [18] from the amount of
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Table 2
Regeneration of beads by consecutive adorption (A)/desorption (D) cycles. Adsorp-
tion is realized at pH 5.4. Desorption occurs by elution with nitric acid at pH
1. [Co]added or [Ni]added = 2.1 mmol g−1, mbeads = (7.2 ± 0.3) × 10−2 g, [Co]adsorbed or
[Ni]adsorbed and [Co]released or [Ni]released in mmol g−1.

A1 D1 A2 D2 A3 D3

Ni(II)
[Ni]adsorbed 0.14 0 0.11 0 0.12 –
[Ni]desorbed – 0.14 – 0.11 – –
[Fe]released – 9.6% – 18.6% – –
ig. 7. Kinetics of the uptake of Co(II) and Ni(II) from a bimetallic solution:
dsorbed Co (�); adsorbed Ni (�) and total amount of adsorbed cations (�).
he dashed lines represent the fits with a pseudo-second order rate equation.
Co]added = [Ni]added = 2.1 mmol g−1; mbeads = (7.2 ± 0.3) × 10−2 g; pHinitial = 7.5.

ncapsulated Cyanex 272® by considering a complex 1:2 with cal-
ium ions [33] and from the amount of carboxylate groups coming
rom both magnetic nanoparticles and alginate. After the first few

inutes, a slower decrease of the Ca(II) concentration into the beads
ccurs. At equilibrium, the amount of expulsed calcium cations
∼0.5 mmol g−1) is close to the maximum adsorbed amount of
o(II). It suggests an ionic exchange process, about one calcium ion
eing replaced by one cobalt ion. It agrees with the results of Reddad
t al. [23,24,34] and Gerente et al. [23] which studied the adsorption
f heavy metals by beet sugars. Indeed, by following the evolution
f the quantity of ions Ca2+ during the adsorption of the ions Cu2+,
hey also observed an ionic exchange of type 1:1 between the two
ations. Moreover, when the release of free calcium is achieved,
he total amount of calcium and cobalt ions present in the beads
emains constant. It is equal to about 0.9 mmol g−1 which is close
o the available sites roughly estimated previously (1 mmol g−1).

Most of the effluent solutions represent a case of multimetal sit-
ation rather than monometal situation. This is why it is essential to
tudy the effect of the presence of co-cations on the sorption capac-
ty of the beads. The kinetics of the removal of Co(II) and Ni(II) ions
y magnetic alginate beads from a solution containing simultane-
usly the two cations at the same concentration is thus investigated
Fig. 7). 55% of the maximum amount of adsorbed cations is reached
fter 2 h. A competitive adsorption occurs between the two cations
hich share the available sites. Nevertheless Co(II) ions are prefer-

ntially adsorbed by the beads. It could be due to the presence of
yanex 272® entrapped in the beads which presents a better affinity

or Co(II) ions. At equilibrium the total amount of adsorbed cations
s the same than for monometallic solutions. As for monometallic
xperiments, the curves are well fitted with a pseudo-second order
quation.

.3. Regeneration of beads

To use magnetic alginate beads at an industrial scale, it is nec-
ssary to make them attractive with regard to the usual methods
f cleanup. So, regeneration of loaded alginate beads and metal
ecovery in a concentrated form are key factors for improving pro-
ess economics. A successful desorption process must restore the
orbent close to its initial properties for effective reuse. In this
bjective adsorption–desorption cycles are realized. The adsorp-

ion step of Ni(II) or Co(II) ions is realized at pH 5.4, adsorbed ions
eing then desorbed by elution with nitric acid (pH = 1). The results
re reported in Table 2. All the cations are removed at pH 1 and
he adsorption capacity of the beads is maintained. The evolution
f the quantity of iron shows that after the adsorption–desorption
Co(II)
[Co]adsorbed 0.17 – 0.11 – 0.12 0.001
[Co]desorbed – 0.16 – 0.11 – 0.12
[Fe]released – 5.5% – 8.9% – 11.8%

cycles, it still stays 81% (minimum value) of iron in the beads, the
loss in iron being due to the dissolution of the magnetic nanoparti-
cles in acid medium. So, alginate beads remain magnetic enough to
be extracted from the solution with a magnet. These experiments
show that the magnetic alginate beads could be reused without
significant loss of their initial properties.

4. Conclusion

In this study a new biosorbent consisting in magnetic alginate
beads containing Cyanex 272® is developed. In a previous work
we studied the nickel sorption capacity of these magnetic beads.
In this work, complementary experiments are carried out with
nickel ions, and the removal of cobalt ions from aqueous solution
is studied. The adsorption process is well described with a Lang-
muir model. A pseudo-second order equation is used to describe
the adsorption kinetics. 50% of the maximum sorption capacity
is achieved within 1 h. Because there is a wide variation of the
pH of the effluents, we study the effects of pH on adsorption of
Co(II) ions onto alginate beads from single and binary metal solu-
tions containing Co(II) and Ni(II). The adsorption of Co(II) and Ni(II)
ions is pH dependent. An increase in pH increases the availabil-
ity of the negatively charged free sites for electrostatic attraction
of cations, thereby resulting in an increase of the cation binding
capacity. In a binary system (Ni(II)–Co(II)), beads exhibit prefer-
ence for Co(II) sorption over Ni(II). This affinity for Co(II) could be
attributed to the presence of Cyanex 272® in the beads. The alginate
beads could be also regenerated using nitric acid. Moreover, they
could be reused in successive biosorption–desorption cycles with-
out losing their adsorption capacities and magnetic properties. The
experiments conducted in this work provide encouraging results for
the application of these magnetic beads to the recovery of Ni(II) and
Co(II) ions from aqueous solutions in large-scale operations. Mag-
netic alginate beads are promising heavy metal adsorbents because
they combine a good adsorption capacity, selectivity and magnetic
properties.
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