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a b s t r a c t

This paper determines the effect of immobilized brown alga Fucus vesiculosus in the biosorption of heavy
metals with alginate xerogels. Immobilization increased the kinetic uptakes and intraparticle diffusion
rates of the three metals. The Langmuir maximum biosorption capacity increased twofold for cadmium,
10 times for lead, and decreased by half for copper. According to this model, the affinity of the metals
vailable online 12 July 2008

eywords:
iosorption
eavy metals
lginate

for the biomass was as follows: Cu > Pb > Cd without alga and Pb > Cu > Cd with alga. FITR confirmed that
carboxyl groups were the main groups involved in the metal uptake. Calcium in the gels was displaced
by heavy metals from solution according to the “egg-box” model. The restructured gel matrix became
more uniform and organized as shown by scanning electron microscopy (SEM) characterization. F. vesicu-
losus immobilized in alginate xerogels constitutes an excellent biosorbent for cadmium, lead and copper,
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sometimes surpassing the

. Introduction

Heavy metals, such as lead, copper and specially cadmium, are
sanitary and ecological threat. They are highly toxic and recalci-

rant even at very low concentrations and they can pollute drinking
ater resources. Research is therefore important to fully under-

tand systems and technologies for their removal. Additionally,
opper recovery can also be economically interesting because of
ts increasingly higher prices.

Traditional methods for removing heavy metals, including
hemical precipitation and filtration, redox reactions, electrochem-
cal treatments, reverse osmosis, ion exchange, adsorption and
vaporation, are generally expensive or inadequate for treating
ighly diluted solutions. Biosorption is an alternative process for
he treatment of this kind of effluents. It is defined as the passive
inding of metals or other compounds on a biosorbent (biomass)
ontaining chemically active sites or functional groups [1]. Dead
iomass has higher metal uptakes and the process is nutrient inde-
endent [2]. Agricultural or other low-cost and readily available
esidual materials, such as alginate and brown algae, can be used

s biosorbents.

Biomass immobilization is an essential step for an industrial
cale-up of biosorption. Unlike biomass in its native state, immo-
ilization provides biosorbent particles with the adequate size,

∗ Corresponding author. Tel.: +34 91 3944335; fax: +34 91 3944357.
E-mail address: mlblazquez@quim.ucm.es (M.L. Blázquez).
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orption performance of alginate alone and even the free alga.
© 2008 Elsevier B.V. All rights reserved.

ensity and mechanical strength required by continuous systems.
esides, immobilization can save the cost of separating the biomass

rom the treated solution which can represent up to 60% of the
otal cost. This process also enables biomass regeneration in various
dsorption–desorption cycles. Natural polysaccharide gel matrixes
uch as alginate are widely used and are a cost effective alternative
o synthetic polymers.

Alginate is a component of the outer cell wall of brown algae
nd, according to several studies [2,3], is responsible for the high
etal uptakes of brown algae when compared to other algae, bac-

eria and fungi. Fucus vesiculosus, the biomass immobilized in this
tudy, has proven to be an effective biosorbent of heavy metals [4].
dditionally, alginate in itself has biosorption capacity, favoring a
ossible synergic effect with the immobilized biomass [5,6].

Alginate is a linear unbranched polysaccharide of alternating
locks of �-d-mannuronic and �-l-guluronic acids. They are rich

n carboxyl groups, the main functional groups involved in heavy
etal biosorption [1]. Alginate gels in the presence of divalent

ations according to the Rees “egg-box” model [7]. For instance,
alcium atoms can crosslink and form salt bridges between the
uluronic acid blocks of a pair of alginate chains. At the same time
hese pairs can dimerize with other pairs. The polymer gel matrix
s formed by alternate free mannuronic and crosslinked guluronic

locks.

Biosorption kinetics can be adjusted to several models, such as
he pseudo-first-order model proposed by Lagergren and Sven [8],
he pseudo-second-order model proposed by Ho and McKay [9],
nd the intraparticle diffusion model proposed by Weber–Morris

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mlblazquez@quim.ucm.es
dx.doi.org/10.1016/j.jhazmat.2008.07.015
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10]. If metal uptake is only controlled by diffusion through a
oundary layer the kinetics generally adjusts to the pseudo-first-
rder model. However, biosorption involves several processes:
lectrostatic forces and chemical reactions between binding sites
nd metals; theoretically it is more correct to apply the pseudo-
econd-order model that fits most biosorption processes [9].

The maximum metal uptake and the affinity of the beads for
certain metal are important parameters of the biosorption pro-

ess. They can be obtained from the representation of the sorption
sotherms. The Langmuir isotherm is the most used in simple sys-
ems [11].

Alginate beads are most commonly used with immobilized
iomass while very few studies, generally restricted to compare
etal uptakes, use alginate alone [5,6,12,13]. Although brown algae

re well known for their high metal uptakes and alginate is also
ell known as an immobilization support, there are no previous

tudies of a brown alga immobilized on these types of gels and on
ow it influences biosorption. This work describes the recovery of
admium, lead and copper from solutions with calcium alginate
erogel beads with and without immobilized F. vesiculosus. Kinetic
nd isotherm models were used for the quantitative description
nd prediction of the metal uptake behavior of this polymeric
aterial and the immobilized biomass. Data were adjusted to the

seudo-second order and intraparticle diffusion kinetic models,
nd the Langmuir isotherm model, obtaining the corresponding
arameters. Finally, the beads were characterized with and without
etal by using Fourier transformed infrared spectroscopy (FTIR)

nd field emission-scanning electron microscopy (FE-SEM) in order
o determine possible metal binding mechanisms. This systematic
pproach is necessary before these beads can be applied in contin-
ous biosorption systems.

. Materials and methods

.1. Alginate xerogel and immobilized biomass beads

The brown algae F. vesiculosus was provided by Algamar (Pon-
evedra, Spain). It was washed with deionized water, dried in an
ven at 60 ◦C, ground with an agate mortar, and sieved with a
esh to a size <0.5 mm. A 2% sodium alginate solution (Fluka

hemika) with (50% (w/w) algae:alginate, 1B:1A) or without alga
as dropped with the help of a syringe and under constant stir-

ing onto a cooled 0.5 M CaCl2. The resulting beads were hardened
vernight in the same solution at 4 ◦C. Then they were filtered
nd the excess CaCl2 was washed with deionized water. Finally,
he beads were dried at room temperature to obtain the xerogels,
hich measured approximately 2.5 and 2 mm with and without

mmobilized alga, respectively.

.2. Batch biosorption tests

The experimental procedure and conditions were based on pre-
ious studies performed with free biomass of F. vesiculosus [4,14].
he biosorption experiments were carried out with monometal-
ic solutions prepared from stock solutions of 1000 mg/l of Cd2+,
b2+, and Cu2+ prepared from chemical reagents of analytical grade:
dSO4·8/3H2O, Pb(NO3)2 and CuSO4·5H2O, respectively. In the case
f lead, nitrate instead of sulfate was used to avoid metal precipita-
ion, though the effect of the anion is negligible [15]. Only initial pH
alues of the solutions (5 for copper and lead, and 6 for cadmium),

ptimized from previous tests, were adjusted with diluted H2SO4
or Cd and Cu, HNO3 for Pb, and NaOH as needed. Beads (1 g/l) were
laced in contact with the metal solutions (75 ml) in glass 100 ml
rlenmeyers with orbital stirring at room temperature (23 ± 1 ◦C).
iquid samples (3 ml) were removed at different times (0, 15, 60,

u

Materials 163 (2009) 555–562

20, 240, 480, and 1400 min) and the pH and metal concentration
using flame atomic absorption spectroscopy (FAAS) analysis, with
n acetylene flame, PerkinElmer 1100B atomic absorption spec-
rometer) were measured. Metal uptake was calculated from the
ollowing expression:

t = C0 − Ct

B
(1)

here C0 is the initial metal concentration (mmol/l); Ct is the metal
oncentration at time t (mmol/l); B is the biomass concentration
g/l).

.2.1. Kinetic studies
Sorption data were described using different kinetic models. The

seudo-second-order kinetics equation is [9]

dqt

dt
= k2(q2 − qt)

2 (2)

here q2 is the maximum kinetic uptake (mmol/g of biomass); qt

s the metal uptake at time t (mmol/g of biomass); k2 is the rate
onstant of the pseudo-second-order sorption (g/mmol min).

That can also be expressed as

1
qt

= 1

k2q2
2

+ 1
q2

t (3)

he values of q2 and k2 can be deduced from the linear representa-
ion of t/qt vs. t.

The intraparticle diffusion model proposed by Weber–Morris
10] assumes a two-step biosorption process—metal binding to
he biomass surface followed by metal diffusion through its
ores:

t = kpt1/2 + C (4)

here kp is the intraparticle diffusion constant (mmol/g min1/2).
This model applies when a linear representation of qt vs. t1/2 is

btained, and kp is the slope of the curve. If this linear plot intercepts
he origin, metal uptake is controlled by intraparticle diffusion [10].

.2.2. Isotherm studies
The isotherms were obtained using a similar procedure as for

he kinetic experiments [4,14]. Tests were run for 24 h, time enough
o reach the equilibrium, at the initial pH values previously men-
ioned, with 0.5 g/l initial biomass concentration and 50 ml of
ifferent initial metal concentration solutions: 10, 25, 50, 100 and
50 mg/l. These results were adjusted to the Langmuir model that
an be expressed as [11]

e = bqmaxCe

1 + bCe
(5)

here qe is the metal uptake at equilibrium (mmol of metal/g of
iomass); qmax is the maximum Langmuir uptake (mmol of metal/g
f biomass); Ce is the final metal concentration at equilibrium
mmol of metal/l); b is the Langmuir affinity constant (l/mmol of

etal).
The Langmuir affinity constant indicates the affinity between

he biomass and a certain metal, the greater its value the greater
he affinity.
These sorption parameters can be calculated from the isotherm
sing a linear representation of the Langmuir model (Ce/qe vs. Ce):

Ce

qe
= C2

qmax
+ 1

bqmax
(6)
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Fig. 1. Evolution of metal uptake (a) and isotherms (b) of Cd, Pb and

.3. Biosorbent characterization

FTIR analyses were performed on KBr discs with 2% finely ground
ample were analysed in a MIDAC Prospect-IR spectrophotometer.
pectral data were processed using Nicolet OMNIC E.S.P. software.
nfrared spectra were recorded in the region of 500–4000 cm−1 at a

esolution of 4 cm−1. The xerogel beads, with and without adsorbed
etal, were coated with a thin layer of graphite and then gold to

nhance image resolution, and examined under a FE-SEM micro-
cope (JEOL JSM-6335F).

c
E

m

Fig. 2. Application of the intraparticle diffusion model to the biosorption of C

able 1
inetic and Langmuir parameters for the biosorption of Cd, Pb and Cu with alginate xerog

Alginate

Cd Pb Cu

seudo-second-order kinetic model
q2 (mmol/g) 0.235 0.503 0.6
k2 (g/mmol min) 0.0237 7.6 × 10−3 0.0
R2 0.989 0.986 0.9

ntraparticle diffusion model
kp (mmol/g min1/2) 0.0103 0.0182 0.0
R2 0.996 0.977 0.9

angmuir isotherm model
qmax (mmol/g) 0.275 0.280 1.2
b (l/mmol) 1.42 2.16 2.6
R2 0.975 0.960 0.9
iosorption with alginate xerogels (1) and immobilized biomass (2).

. Results and discussion

.1. Kinetic studies

Fig. 1a shows the evolution of metal concentration and metal
ptake during cadmium, lead and copper biosorption with cal-

ium alginate xerogel beads with and without immobilized alga.
quilibrium metal concentrations were attained after 8 h.

Sorption data fitted linearly to the pseudo-second-order kinetic
odel, indicating that the process occurred in at least two steps

d, Pb and Cu with alginate xerogels (a) and immobilized biomass (b).

el beads

Alginate 1B:1A

Cd Pb Cu

75 0.595 0.548 1.27
145 4.2 × 10−4 4.42 × 10−4 3.41 × 10−3

96 0.974 0.962 0.966

214 1.32 × 10−2 2.08 × 10−2 5.95 × 10−2

60 0.948 0.988 0.956

0 0.579 2.26 0.617
4 8.97 31.41 12.76
91 0.992 0.999 0.993
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Fig. 4. Detail of the initial pH evolution during the biosorption of Cd, Pb and Cu with
alginate xerogels and immobilized biomass (B).
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Fig. 2). According to Langmuir [16], cadmium, lead and copper
re mainly found as hydrated complexes in solution rather than
s dissociated cations. These complexing reactions, that are prob-
bly influenced by the pH of the solution, can inhibit or increase
etal uptake and affect the diffusion properties of the ions due to

heir increased size [17]. Therefore, a two-step biosorption process,
onsisting of the dissociation of these complexes and the interac-
ion of metals with active sites in the beads, could explain the linear
t to the pseudo-second-order kinetic model.

For alginate beads without alga, linearization of the intraparti-
le diffusion model was only possible up to 8 h, time at which the
quilibrium metal concentration was reached (Fig. 2a). In the case
f immobilized alga, this linearization was possible throughout the
ntire experiment, probably due to the larger size of the beads
Fig. 2b). The fitting of data indicated that diffusion was involved
uring biosorption, but was not the rate-controlling step since the

inear plots did not intercept the origin [10]. It also confirms the par-
icipation of other processes, such as dissociation of water–metal
omplexes and interaction of the metals with the gels.

Table 1 shows the biosorption kinetic parameters obtained from
he pseudo-second-order kinetic and intraparticle diffusion mod-
ls. These values are more easily compared, along with those of
he free alga, in Fig. 3. Copper had the highest intraparticle diffu-
ion constant (kp) and then the fastest diffusion, probably due to its
maller hydrated cation size (0.072 nm) with respect to cadmium
0.097 nm) and lead (0.120 nm). For xerogels without alga, cad-

ium had slower intraparticle diffusion (kp) than lead despite its

maller cation size. Nevertheless, cadmium showed a higher kinetic
ate (k2), indicating that the interaction between this cations and
lginate beads was faster than for lead. Thus, the beads probably
ontained a higher number of cadmium binding sites that became

ig. 3. (a–c) Comparison between the kinetic parameters (q2, k2 and kp) of Cd, Pb
nd Cu biosorption with alginate, immobilized biomass, and Fucus vesiculosus.
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ig. 5. Calcium release during Cd, Pb and Cu biosorption with alginate xerogels and
mmobilized biomass (B).

aturated from the outside to the inside, and that slowed its diffu-
ion rate. It is also important to point out that the beads without
lga presented a smaller uptake for cadmium than for lead and
opper (Fig. 3a). Therefore, although lead diffusion was faster, its
inding to biomass active sites was slower. Possible explanations

nclude steric hindrances due to its larger cation size, and complex-
tion reactions with active sites that are generally slower than ionic
inding [18].

Xerogel beads containing immobilized alga showed the same
rder of kinetic uptakes (q2) than free alga (Cu � Cd ≈ Pb). This sug-
ests that this component had a more important participation in the
inetics of the process than the alginate support itself. These val-
es were greater than those obtained for the alginate and free alga,

ndicating a synergic effect between both components. Neverthe-
ess, the kinetic sorption rates (k2) were slower. The diffusion rate,
educed from the intraparticle diffusion constant (kp), of immobi-
ized alga, compared to alginate xerogels, was slightly greater for
admium and lead but much greater for copper, the smallest ion.
herefore, alginate with immobilized alga could have presented
ess resistance to diffusion than xerogels without alga.

able 2
elationship between the amount of metal adsorbed by the xerogels and the calcium
elease to the solution

Adsorbed Me (mmol) Released Ca (mmol)

lginate
Cd 0.0166 0.209
Pb 0.0315 0.202
Cu 0.0498 0.232
Blank – 0.0188

lginate 1B:1A
Cd 0.032 0.12
Pb 0.0315 0.128
Cu 0.0652 0.15
Blank – 0.0116
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Fig. 6. (a and b) Comparison between the Langmuir parameters Cd, Pb and Cu
biosorption with alginate xerogels, immobilized biomass and F. vesiculosus.
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Fig. 7. FE-SEM micrographs of surface (a and b) and interior (c) of a
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Although only the initial pH values of the metal solutions were
djusted before contact with the beads, pH initially dropped dur-
ng biosorption, and later stabilized at values near the initial pH
Fig. 4). The final values were 5.87, 4.89, and 5.12 for alginate xero-
els, and 6.1, 4.96, 5.1 for immobilized alga, with cadmium, lead
nd copper, respectively. These variations, albeit very small, could
ndicate an exchange between protons in the beads and metals in
olution, specially at the beginning of the biosorption process. Such
xchange has already been observed in previous studies with free
lga [4,19].

Initial proton release can be related to dissociation of acidic
roups, including carboxyl groups, which are the main binding sites
f alginate in the biosorption of heavy metals [20]. The dissociation
f these acid groups takes place at pH above the pKa of the alginate
omponents of the gel and the algal cell wall (3.20 for guluronic
cid and 3.38 for mannuronic acid) [21]. Another source of pro-
ons is the dissociation of metal–water complexes [16]. After the
nitial pH decrease there was a slight increase possibly due to the
xchange of protons in solution with calcium in the gels, and in the
ase of immobilized biomass, with other light metals present in the
rown alga [22].
Calcium concentration in solution increased during metal
iosorption (Fig. 5) and this release was greater than in a
lank assay only with deionized water (Table 2). This suggests
hat calcium could be involved in the metal uptake through an

n alginate xerogel (1) and an immobilized biomass bead (2).
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on-exchange mechanism. Ion exchange between calcium from
iomass and metals in solution has been observed during the
iosorption of cadmium, lead and copper with brown algae and
lginate [4,5,23]. Nevertheless, none direct proportional relation-
hip was found between the amounts of metal adsorbed and
alcium released. Therefore, this type of ion exchange could not
e the only process participating in the biosorption.

.2. Isotherm studies

The biosorption isotherms of cadmium, lead and copper with
lginate xerogel beads with and without F. vesiculosus fitted the
angmuir model and the corresponding parameters that quantify
his process were obtained (Table 1 and Fig. 6). Metal uptakes of
erogel beads without alga (qmax) showed a similar order than free
lga: Cu > Pb ≈ Cd. The Langmuir affinity constants (b) followed the
rder: Cu > Pb > Cd. Dronnet et al. [24] obtained a similar order for
he biosorption of those metals with sugar-beet pectins, polysac-

harides similar to alginate. Nevertheless, the comparison has its
wn restrictions due to the differences in experimental conditions
nd the nature and preparation of the biosorbents. Equilibrium con-
tants are related to the free energy and the enthalpy change of the
iosorption. Their values increase with bond strength and affin-

T
t

a
a

ig. 8. FE-SEM micrographs of alginate xerogel (a) and immobilized biomass (b) after cop
nd interior (2).
Materials 163 (2009) 555–562

ty, providing an order of stability of the alginate–metal complexes
25]. In this case, copper formed the most stable bindings, followed
y lead and cadmium the weakest.

For immobilized alga, the maximum metal uptakes and Lang-
uir affinity constants followed the same order: Pb � Cu > Cd, but

ifferent to that obtained with free alga and alginate xerogels. That
rder agrees with the rule of Irving Williams concerning with the
tability of complexes formed by oxygenated groups in the biomass,
uch as carboxyl groups, and metal cations [24]. It also agrees with
he metal uptakes obtained by Sheng et al. [26] for the brown alga
argassum, and Langmuir affinity constants determined by Papa-
eorgiou et al. [6] for calcium alginate.

Immobilized alga increased the maximum cadmium and lead
ptakes with respect to gels without alga, 10 times in the case of

ead, with an uptake greater than the free alga itself. The presence
f F. vesiculosus also increased the stability of the metal binding and
he affinities for the three metals with respect to alginate xerogels.
n the case of lead, this affinity was also higher than for free alga.

herefore, immobilized biomass has different biosorbent proper-
ies than its isolated components.

Davis et al. [23] suggested that the affinity of heavy metals by
lginate is related to the amount of guluronic acid and other uronic
cids. These acids contain most of the carboxyl groups in alginate

per biosorption. (c) Alginate xerogel bead rehydrated only with water. Surface (1)
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Fig. 9. FTIR spectra of the brown alga F. vesiculosus (a), calcium alginate xerogels
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The importance of carboxyl groups in heavy metal binding has
been extensively confirmed [1]. These groups are present in uronic
acids of alginate and provide negative charges to attract divalent
metal cations. Carboxyl groups are also responsible for alginate

Table 3
Most relevant infrared spectral bands of different biomasses with and without
adsorbed metal

Biomass Stretching (cm−1)

(OH) (C O) (C OH) �(C O C OH)

Fucus vesiculosus (<0.5 mm) 3411 1625 1421 204

Alginate
Non-geled 3416 1628 1418 210
Beads 3406 1617 1433 184
Cd 3417 1618 1421 197
Pb 3420 1618 1420 198
Cu 3420 1618 1421 197
Y.N. Mata et al. / Journal of Haza

nd would be mainly responsible for metal biosorption. These same
uthors have also suggested that the “egg-box” structure of the
els and the crosslinking between metal and carboxyl groups is
elated to the metal selectivity of alginate. The gel structure cre-
tes a specific stereochemical environment that determines this
electivity.

In a similar study, alginate was extracted from the brown alga
aminaria digitata and dry beads were used for the biosorption
f cadmium, lead and copper [6]. These authors obtained differ-
nt Langmuir parameters using different experimental procedures,
ith a higher biomass concentration (1 g/l), and alginate from a dif-

erent source. This suggests that a standard approach is necessary to
btain these parameters in order to compare biosorption behaviors
bserved in different studies.

.3. Biosorbent characterization

Fig. 7 shows the morphology of the xerogel alginate beads with
nd without F. vesiculosus before metal uptake. As shown in this fig-
re, the immobilized alga can sometimes be clearly distinguished
rom the surrounding gel matrix.

SEM observation of the beads after biosorption and energy dis-
ersive X-Ray microanalyses (EDS) confirmed the penetration of
admium, lead and copper and a uniform distribution of these met-
ls on the alginate surface (results not shown). After metal uptake,
he gels presented a more uniform and organized structure, spe-
ially inside (Fig. 8). That change was observed after biosorption of
he three metals and was significantly evident in xerogels without
lga. The effect was only partially due to rehydration, since beads
laced for 24 h in deionized water without metals still retained a
ore irregular appearance (Fig. 8).
Another explanation could be alginate regelification due to the

ubstitution of calcium ions by cadmium, lead and copper in the
egg-box” structure of the gel, specifically in the guluronic acid
locks. This could also explain the increase in the amount of cal-
ium released to solution with respect to metal adsorbed (Section
.1), since less calcium would be necessary in a more organized gel
tructure. That greater uniformity suggests a higher stability of the
ubstituted gels, as observed by Ouwerx et al. [27] for cadmium and
opper alginate with respect to calcium.

This fact has been confirmed in other studies using different
haracterization techniques. For instance, Fourest and Volesky [28]
educed these type of bindings between cadmium and carboxyl
roups of alginate chains in the cell wall of the brown alga Sargas-
um using FTIR. Dronnet et al. [24] also documented these type of
indings between cadmium, lead and copper and pectins using a
ual wavelength spectrophotometric method (DWSM).

Non-gelated sodium alginate, the xerogel beads with and with-
ut alga, the free alga and the beads after biosorption of cadmium,
ead and copper were characterized with FTIR (Fig. 9) and inter-
reted according to Figueira et al. [29] and Sheng et al. [30]. The
ain bands modified by calcium gelation, alga immobilization and

eavy metal biosorption were those corresponding to hydroxyl and
arboxyl stretching (symmetric and asymmetric), indicating that
hese were the main functional groups involved in the biosorption
Table 3). These results are similar to others obtained from alginate
nd brown algae with different metals [4,5,12,31]. For immobilized
iomass, the displacement of the hydroxyl band after lead uptake
as greater than for cadmium and copper. An increased participa-

ion of these groups would explain a more stable bond and higher

quilibrium constant.

The decrease of the distance between the two carboxyl bands
ith respect to non-geled alginate is an indication of complexat-

ng and chelating reactions between those groups and metal cations
Table 3) [12,29]. In fact, Rendleman [18] tested the solubility of algi-

A

b), and the xerogels with this alga (c). The most relevant bands are numbered: (OH)
tretching (1), (CH) stretching, asymmetric (3) and symmetric (4) (COOH) stretching,
symmetric (5) and symmetric (6) (SO3) stretching, and (CO) stretching of (COH) (7).

ate and other similar polysaccharides and suggested that metal
ations exert a precipitation effect on alginate. Other studies sug-
est the possibility of two types of bonds between carboxyl groups
nd divalent metal cations: bidentate complexes with one carboxyl
roup, and ionic binding as in the “egg-box” model with calcium
28,32].
lginate 1B:1A
Beads 3415 1619 1422 197
Cd 3420 1623 1420 203
Pb 3412 1617 1420 197
Cu 3409 1618 1408 210
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electivity towards metals, as explained earlier [23]. Fourest and
olesky [28] observed that cadmium, lead and copper binding was
roportional to the amount of these groups in marine algae. These
uthors also observed that cadmium and lead uptake decreased
ith the partial or total sterification of carboxyl groups in the

rown alga Sargassum. Similarly, Kapoor and Viraraghavan [33]
lso found a decrease in cadmium, lead and copper biosorption
ith fungus when these groups were blocked or sterified. Aside

rom carboxyl groups, other groups from the alga can participate
n metal biosorption, such as sulfyhydrils and sulfonates. However,
hese bands were not clearly defined in the alginate xerogels with
mmobilized alga because of overlapping effects [29].

. Conclusions

F. vesiculosus immobilized in alginate xerogels constitutes an
xcellent biosorbent for cadmium, lead and copper, sometimes
ith a better biosorption performance than alginate alone or even

he free alga. In this way, immobilization

improved the kinetic uptakes of the three metals but decreased
the kinetic rates;
increased the diffusion rates, specially for small cations-like cop-
per;
improved the cadmium and lead maximum uptakes of alginate
xerogels without biomass. In the case of lead, the uptake was even
higher than for free alga;
increased the affinities towards cadmium, lead and copper, with
respect to alginate gels without alga. For lead, the affinity was
also higher than for free alga.

After biosorption, the metals bound mainly to carboxyl groups
n the biomass. Calcium in the xerogels was displaced by heavy

etals from solution according to the “egg-box” model, creating a
ore uniform and organized structure.
The results obtained in this study provide new insights for

he characterization and quantification of biosorption with cal-
ium alginate xerogel beads with and without immobilized alga,
nd constitute a preliminary approach for further applications in
ontinuous biosorption systems. This immobilized biomass is par-
icularly effective for lead recovery, and is readily available for dilute
ndustrial and wastewater treatment.
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of heavy metals by activated sludge and their desorption characteristics, J.
Environ. Manage. 84 (2007) 419–426.

16] D. Langmuir, Aqueous Environmental Geochemistry, Prentice-Hall, New York,
1997.

17] J.L. Gardea-Torresdey, G. de la Rosa, J.R. Peralta-Videa, Use of phytofiltration
technologies in the removal of heavy metals: a review, Pure Appl. Chem. 76
(2004) 801–813.

18] J.A. Rendleman, Metal polysaccharide complexes. Part II, Food Chem. 3 (1978)
127–162.

19] R.H. Crist, J.R. Martin, P.W. Guptil, J.M. Eslinger, D.R. Crist, Interactions of metals
and protons with algae. 2. Ion exchange in adsorption and metal displacement
by protons, Environ. Sci. Technol. 24 (1990) 337–342.

20] T.A. Davis, B. Volesky, A. Mucci, A review of the biochemistry of heavy metal
biosorption by brown algae, Water Res. 37 (2003) 4311–4330.

21] A. Martinsen, I. Storro, G. Skjark-Braek, Alginate as immobilization material. III.
Diffusional properties, Biotechnol. Bioeng. 39 (1992) 186–194.

22] E.L. Cochrane, S. Lua, S.W. Gibb, I. Villaescusa, A comparison of low-cost biosor-
bents and commercial sorbents for the removal of copper from aqueous media,
J. Hazard. Mater. B 137 (2006) 198–206.

23] T.A. Davis, M. Ramirez, A. Mucci, B. Larsen, Extraction, isolation and cad-
mium binding of alginate from Sargassum spp., J. Appl. Phycol. 16 (2004) 275–
284.

24] V.M. Dronnet, C.M.C.G. Renard, M.A.V. Axelos, J.F. Thibault, Characterisation
and selectivity of divalent metal ions binding by citrus and sugar-beet pectins,
Carbohydr. Polym. 30 (1996) 253–263.

25] Z. Reddad, C. Gérente, Y. Andrés, M.C. Ralet, J.F. Thibault, P. Le Cloirec, Ni(II) and
Cu(II) binding properties of native and modified sugar beet pulp, Carbohydr.
Polym. 49 (2002) 23–31.

26] P.X. Sheng, Y.-P. Ting, J.P. Chen, Biosorption of heavy metal ions (Pb, Cu and
Cd) from aqueous solutions by the marine alga Sargassum sp. in single- and
multiple-metal systems, Ind. Eng. Chem. Res. 46 (2007) 2438–2444.

27] C. Ouwerx, N. Velings, M.M. Mestdagh, M.A.V. Axelos, Physico-chemical prop-
erties and rheology of alginate gel beads formed with various divalent cations,
Polym. Gels Networks 6 (1998) 393–408.

28] E. Fourest, B. Volesky, Contribution of sulfonate groups and alginate to heavy
metal biosorption by the dry biomass of Sargassum fluitans, Environ. Sci. Tech-
nol. 30 (1996) 277–282.

29] M.M. Figueira, B. Volesky, H.J. Mathieu, Instrumental analysis study of iron
species biosorption by Sargassum biomass, Environ. Sci. Technol. 33 (1999)
1840–1846.

30] P.X. Sheng, Y.-P. Ting, J.P. Chen, L. Hong, Sorption of lead, copper, cadmium,
zinc, and nickel by marine algal biomass: characterization of biosorptive capac-
ity and investigation of mechanisms, J. Colloid Interface Sci. 275 (2004) 131–
141.

31] P. Lodeiro, J.L. Barriada, R. Herrero, M.E. Sastre de Vicente, The marine macroalga

Cystoseira baccata as biosorbent for cadmium(II) and lead(II) removal: kinetic
and equilibrium studies, Environ. Pollut. 142 (2006) 264–273.

32] K. Nakamoto, Infrared and Raman spectra of Inorganic and Coordination Com-
pounds, John Wiley & Sons, New York, 1997.

33] A. Kapoor, T. Viraraghavan, Heavy metal biosorption sites in Aspergillus niger,
Bioresour. Technol. 61 (1997) 221–227.


	Biosorption of cadmium, lead and copper with calcium alginate xerogels and immobilized Fucus vesiculosus
	Introduction
	Materials and methods
	Alginate xerogel and immobilized biomass beads
	Batch biosorption tests
	Kinetic studies
	Isotherm studies

	Biosorbent characterization

	Results and discussion
	Kinetic studies
	Isotherm studies
	Biosorbent characterization

	Conclusions
	Acknowledgements
	References


