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bstract

The protonated alga Sargassum muticum was employed in batch desorption studies to find the most appropriate eluting agent for Cd(II)-laden
iomass regeneration. Eleven types of eluting solutions at different concentrations were tested, finding elution efficiencies higher than 90% for
ost of the desorbents studied. Total organic carbon and biomass weight loss measurements were made. The reusability of the protonated alga
as also studied using a fixed-bed column. Eleven consecutive sorption–regeneration cycles at a flow rate of 10 mL min−1 were carried out for

he removal of 50 mg L−1 Cd(II) solution. A 0.1 M HNO3 solution was employed as desorbing agent. The column was operated during 605 h for
orption and 66 h for desorption, equivalent to a continuous use during 28 days, with no apparent loss of sorption performance. In these cycles, no
iminution of the breakthrough time was found; although, a relative loss of sorption capacity, regarding the found in the first cycle, was observed.

he slope of the breakthrough curves experiments a gradual increase reaching its maximum value for the last cycle tested (40% greater than for the
rst one). The maximum Cd(II) concentration elution peak was achieved in 5 min or less, and the metal effluent concentration was always lower

han 0.9 mg L−1 after 1 h of elution. The maximum concentration factor was determined to be between 55 and 109.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the last decade biosorption, the passive removal of con-
aminants by biological materials, has been greatly developed
s an alternative or complementary technique for wastewaters
reatment. Marine macroalgae have been chosen, among many
iosorbents, due to their high binding ability and low cost. More-
ver, an adequate reinforcement of seaweeds can provide an
ncrease in their adsorption capacity, stabilization and attrition
haracteristics, making this biomass suitable for practical uses
1].

The raw algal biomass is stabilized by the main cations
resent in seawater, such us, Na+, K+, Ca2+ and Mg2+. As a
esult of simple physical treatment with acid, protons substitute

hese ions bound to active sites, and then, an increase in the max-
mum adsorption capacity for Cd(II) ion and an improvement in
he biomass stability are obtained [2–4]. Furthermore, the use

∗ Corresponding author. Tel.: +34 981 167000x2198; fax: +34 981 167065.
E-mail address: eman@udc.es (M.E. Sastre de Vicente).

t
f
s
b
s
b
t

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.05.003
f acid-treated biomass reduces the percentage of algal weight
oss in more than 50% and the total organic carbon (TOC) mea-
urement around 40%, in batch experiments, with respect to raw
lga. These results, obtained in a previous paper [2], encouraged
urther studies focusing on the suitability of the protonated Sar-
assum muticum for an eventual new Cd(II) recovery process.

The application of biosorption as a viable commercial tech-
ique implies the recovery of bound metals and the subsequent
ecycling of the biosorbent [5,6]. For this reason, several eluting
gents were evaluated in batch, studying the percentage of metal
esorption and the biomass damage during the elution cycle.
owever, the fact that the desorbed metal remains in the batch
ifficults its complete desorption, not avoiding the possibility
f residual metal uptake. Moreover, the data are not applicable
o most treatment systems where contact time is not sufficient
or the attainment of equilibrium, and then, dynamic sorption
tudies must be developed for process applications [7]. Fixed-

ed column is one of the most effective configuration for cyclic
orption–desorption, allowing better efficiency use of the biosor-
ent, as a consequence of the enhanced use of the metal concen-
ration difference between solution and biomass. At the influent,

mailto:eman@udc.es
dx.doi.org/10.1016/j.jhazmat.2006.05.003
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he biosorbent is in contact with a relatively high concentration
f metal solution, attaining high uptake values, whereas at the
ffluent, the solution pass through fresh biomass, achieving very
ow final metal effluent concentrations [5]. Therefore, the present
ork also studies the possible reusability of the S. muticum algae

n several sorption–regeneration cycles in a packed-bed column,
nalysing the effluent concentration versus time curves. These
lots are usually referred to, as breakthrough curves for adsorp-
ion and as elution curves for desorption. Despite the importance
f these studies, only a few current papers can be found in the
iterature regarding the metal removal by seaweed, employing a
xed-bed column in sorption–desorption cycles [8–11]. There-
ore, this work may contribute to improve the knowledge of this
ind of systems.

. Materials and methods

.1. Biomass

Samples of the brown marine alga S. muticum were collected
rom the coast of A Coruña (Galicia, NW Spain). The alga was
ashed with tap and deionised water to eliminate impurities,
ven dried at 60 ◦C overnight, crushed with an analytical mill,
ieved (size fraction of 0.5–1 mm) and stored in polyethylene
ottles until its use.

This raw biomass were acid-treated in order to transform the
lga into its fully protonated form by soaking and shaking it in
0.2 mol L−1 HNO3 (Merck p.a.) solution in a rotary shaker

175 rpm) for 4 h, at a biomass concentration of 10 g L−1. After-
ards, the material was rinsed thoroughly with deionised water
ntil pH 4.5 was attained. Following filtration, treated biomass
as dried in an oven at 60 ◦C overnight.

.2. Batch experiments

Batch studies were conducted in order to test different des-
rbing substances for Cd(II) release from the algae biomass. The
rotonated Sargassum biomass was first loaded with Cd(II) in
xperiments conducted at fixed pH (4.5) and initial metal con-
entration (250 mg L−1). The Cd(II) solutions were prepared by
issolving of Cd(NO3)2·4H2O in deionised water. The exper-
ments were performed in 100 mL conical flasks employing a
iomass dose of 2.5 g of algae (acid-treated biomass) per liter of
d(II) solution. The mixtures were agitated on a rotary shaker at
75 rpm for 3 h. NaOH and HNO3 were used for pH adjustment.
fter that, the algae biomass was filtered through a 0.45 �m pore

ize cellulose nitrate membrane filter and the concentration of
d(II) in the filtrates was determined by differential pulse anodic

tripping voltammetry (DPASV) by use of 757 VA Computrace
Metrohm) with a conventional system of three electrodes: hang-
ng mercury drop electrode as working electrode, Pt auxiliary
lectrode and Ag/AgCl (3 M KCl) reference electrode.

The filtered Cd(II)-laden alga was dried in an oven at 60 ◦C

vernight; this biomass was then placed in Erlenmeyer flasks
ontaining 40 mL of the desorbing agent solution. The sam-
les were stirred for 3 h (at 175 rpm) in order to attain the
esorption equilibrium and then the algal biomass was fil-
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ered and weighted again. Cd(II) ion concentration was anal-
sed by DPASV. Eleven types of eluting solutions at differ-
nt concentrations were selected and tested: CaCl2 (0.01, 0.1
nd 1 mol L−1), Ca(NO3)2 (0.01, 0.1 and 1 mol L−1), CaCO3
0.1 mol L−1), NaCl (0.01, 0.1 and 1 mol L−1), KCl (1 mol L−1),
I (1 mol L−1), Na2S2O3 (0.1 and 1 mol L−1), EDTA (0.01 and
.1 mol L−1), HCl (0.02 and 0.1 mol L−1), HNO3 (0.03 and
.1 mol L−1) and H2O (as reference). Biomass weight loss was
etermined after each experiment. It was evaluated as the dif-
erence between the initial dry biomass weight and the filtered
ry biomass weight after desorption. Moreover, the supernatant
olution was analysed for the total organic carbon.

.3. Column experiments

The column experiments were carried out in a glass column
f 40 cm length and 1 cm of internal diameter initially filled
ith 5.8 g of dried protonated S. muticum. A porous sheet (pore

ize 0) was attached at the bottom of the column in order to
upport the algal bed and to ensure uniform inlet flow and a
ood liquid distribution into the column. The top of the bed was
losed by a 10 cm height layer glass beads (1 mm in diameter),
hich avoid the loss of biomass and also ensure a closely packed

rrangement.
A 50 mg L−1 Cd(II) solution was fed through the bed in up-

ow mode at 10 mL min−1 flow rate with a peristaltic pump
from Watson Marlow) connected at the bottom of the col-
mn. Samples were collected periodically and filtered through a
.45 �m pore size cellulose nitrate filter; the filtrate was analysed
or the remaining Cd(II) ion concentration (CCd) by DPASV.
ata presented constitutes average values from at least two repli-

ates.
Operation of the column was stopped when the effluent metal

oncentration reached a constant value. Afterwards, the Cd(II)
oaded biomass was regenerated using 0.1 M HNO3; the acid
as fed to the column at the same flux rate used in the adsorp-

ion cycle. Following elution, deionised water was used to wash
he bed until the pH in the effluent achieved a value of approxi-

ately 5. This regenerated bed was employed in the next cycle
f adsorption to investigate the possible reusability of the pro-
onated S. muticum in multiple operation procedures. The pH
f the effluent was periodically recorded. In cycle number 11,
olumn operation was stopped, the biomass was oven dried and
he algal weight loss was determined.

. Theory: definition of operation parameters

.1. Adsorption curves

The sorption performance of packed bed is described
hrough the concept of the breakthrough curve. The time until
he sorbed species are detected in the column effluent at a
iven concentration (breakthrough point), and the shape of

he concentration–time profile or breakthrough curve are very
mportant characteristics of the curves. Moreover, experimental
etermination of these parameters is very dependent on column
perating conditions [1].
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the competition between cations from acids (HNO3, HCl) or
salts (CaCl2, Ca(NO3)2, CaCO3, NaCl, KCl and KI) and the
heavy metal ions bound to active sites, which will be released
if eluant concentration is high enough and there is no steric

Table 1
Total organic carbon and biomass weight loss found after the employment of
different substances in batch studies, for the release of cadmium previously
sorbed by protonated S. muticum

Desorbed agents TOC (mg L−1) Weight loss (%)

CaCl2 (0.1 M) 6.3 ± 0.2 3
CaCl2 (0.05 M) + HCl (0.004 M) 5.4 ± 0.2 6
Ca(NO3)2 (0.1 M) 6.1 ± 0.6 2
NaCl (1 M) 15.5 ± 0.2 5
HCl (0.1 M) 13.1 ± 0.2 13
HNO3 (0.1 M) 14 ± 0.3 13
H2O 5.8 ± 0.1 6
P. Lodeiro et al. / Journal of Hazar

The area below the adsorbed metal concentration versus time
lot, obtained through numerical integration, can be used to find
he quantity of Cd(II) retained in the column. Dividing this value
y the mass of alga in the bed (ms), the maximum uptake capacity
f the biomass (QCd,max) was obtained, as it is shown in the
ollowing equation:

Cd,max = 0.06F

ms

∫ t=te

t=0
(Ci − CCd)dt (1)

here F is the flow rate (mL min−1), Ci the feed Cd(II) concen-
ration and CCd is the effluent Cd(II) concentration (mg L−1).
he numerical parameter was included for unit concordance (t

s expressed in hours).
The efficiency in the overall use of algae in columns is indi-

ated in the length of the transfer zone, which is reflected on
he step character of the breakthrough curve. The breakthrough
oint (tb) was defined as the time when the effluent Cd(II)
oncentration reached a value of 0.02 mg L−1 (breakthrough
oncentration), which is around ten times lower than the recom-
ended limits for effluents from industrial processes in Euro-

ean Union (83/513/CEE directive); nevertheless, the quality
bjectives fixed in this directive indicated that the concentration
f dissolved Cd(II) in territorial waters, internal coastal waters,
tc., that will be measured sufficiently close to the point of dis-
harge, must not exceed 0.0025 mg L−1. The bed exhaustion
ime (te) was selected as the time when the effluent concentra-
ion achieved a constant value (CCd,e), although the bed was
ot fully saturated. The time period from tb to te (�t) repre-
ents the sorption zone. Moreover, other important parameters
hat describe the geometry of the curves, such as the stoichio-

etric time (t*) and the length of unused bed (LUB), were also
alculated.

The stoichiometric time corresponds to the time at which
he effluent concentration is one half of the feed concentration
CCd = 0.5Ci) for a symmetric curve. Nevertheless, this cannot
e applied for unsymmetrical shapes and, in this case, t* was
alculated from the following equation:

∗ = 1

Ci

∫ t=te

t=0
(Ci − CCd)dt (2)

The LUB can be defined as the section of the bed that is
equired to account for spreading of the concentration front. It
easures the unused portion of the sorption zone, employing

he following equation:

UB = D
(

1 − tb

t∗
)

(3)

here D is the bed height (13 cm).

.2. Desorption curves

The elution curve is the equivalent to the breakthrough curve
ut referred to the desorption step. It normally has an unsym-

etrical frequency distribution shape, with a rapid increase of

he released metal concentration followed by a flatter diminu-
ion. This produces the appearance of a peak that provides two
mportant parameters: Cp, the maximum concentration peak,

N
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hich measures the eluted Cd(II) concentration at this point, and
p, the time passed until the effluent concentration peak reached
ts maximum value (it gives an idea of the elution rate).

The elution curves can be described by the elution efficiency
E). This parameter was obtained dividing the metal mass des-
rbed (mCd,d) by the metal mass bound to the biomass in the
revious adsorption step (mCd,ad):

(%) = mCd,d

mCd,ad
× 100 (4)

here mCd,d is calculated from the numerical integration of the
egeneration curves from t = 0 to t′e, with the following equation:

Cd,d = 0.06F

∫ t=t′e

t=0
CCddt (5)

here t′e is the time passed until residual Cd(II) concentration
lower than 0.02 mg L−1) were found in the effluent.

. Results and discussion

.1. Batch desorption studies

Efficient elution of adsorbed metals, with simultaneous
egeneration of the biosorbent for later reuse, is extremely impor-
ant for any potential application of a biosorbent. Other aspects
ike process kinetics, desorbent cost, pollution or selectivity,

ust also be taken into account [12].
Several eluants were tested in batch studies and evaluated

ccording to their effectiveness to release Cd(II) from the metal-
aden biomass; i.e., estimating the percentage of metal desorbed
nd the biomass damage during the elution cycle, calculated by
easurements of biomass weight loss and total organic carbon

Table 1).
Eleven types of eluting solutions at different concentrations

ere selected and tested. Their efficiency were based on two
eneral principles that can operate in conjunction: on one hand,
a2S2O3 (0.1 M) 27.2 ± 0.5 4
DTA (0.1 M) n.a.* 7

* Not available (the interferences in the measurements, due to the carbon
resents in EDTA molecules, make the TOC value not reliable).
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was studied [16].

Eleven Cd(II) adsorption–desorption cycles were completed
in a continuous way. Fig. 2 shows these breakthrough curves
obtained for the adsorption cycles. It can be observed that from
ig. 1. Percentage of cadmium released from protonated S. muticum biomass
2.5 g L−1) in batch studies, employing several desorbing agents at different
oncentrations.

mpediment. On the other hand, the complexation of Cd(II) in
olution with a chelating agent (EDTA) that will decrease the
ree ion concentration, causing a release of metals from biomass
o solution.

Around 25 mg L−1 of Cd(II) remained in solution when
dsorption equilibrium was attained. This implies that the alga
as able to retain approximately 225 mg L−1 of this metal,
hich was tried to be desorbed with different agents. This result

s in good argument with others batch Cd(II) adsorption studies
here the same alga was employed [2,13].
Fig. 1 shows the percentages of Cd(II) desorption for pro-

onated S. muticum biomass. These results illustrate elution
fficiencies higher than 90% for most of the desorbents tested,
f their optimal concentration is used. Deionised water control
emonstrated negligible metal desorption (lower than 0.5%).

No significant differences were found between the two acid
esorptions, both giving percentages around 100% at pH 1. The
cid wash releases significant quantities of organic carbon, being
ne of the most aggressive for the stability of the cell struc-
ure, with a 13% of weight loss (Table 1). The dissolution of
olysaccharides with Cd(II) binding sites would also contribute
o release metal back into solution.

The desorption performance of Ca(NO3)2 and CaCl2 solu-
ions was tested at three different concentrations. Both eluants
isplayed the highest elution efficiencies for 0.1 mol L−1 con-
entrations at a final pH of around 3.5. Moreover, it can be
bserved a decrease in the biomass weight loss, around 50%,
ith respect to acid elution and a very low value for TOC mea-

urements, comparable with those obtained in the water control.
imilar results were found with Na2S2O3 that released 95% of

he metal at the same concentration; however, the TOC values
ere markedly high. Other salt solutions (KI, NaCl and KCl)

nly stripped comparable values of Cd(II) at very high concen-
rations (1 mol L−1).

The desorption effectiveness of the chelating agent, EDTA,
as also examined in the concentration range from 0.01 to

F
p
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.1 mol L−1, finding a release of about 100% for the highest
oncentration studied, with a biomass weight loss comparable
o deionised water control.

The results suggest that the use of calcium salts leads to the
est desorption efficiencies with the lowest values of TOC and
iomass weight loss. Ca(II) ion stabilize the algal biomass by
inding to alginate and converting it to the gel state [14]. It can
lso be observed that there are no significant differences between
hloride and nitrate salts of calcium. The application of CaCO3
olution resulted in only limited metal desorption due to the high
H value reached (6.2), which lead to a calcite precipitate.

Furthermore, HCl and HNO3 were found to be very powerful
etal-desorbing agents, although, their use may have damaging

ffects for the alga as it was demonstrated by the high TOC and
iomass weight loss values. The selection of the most appropri-
te desorbent agents also depends on the previous state of the
lgae. As an example, if we use protonated biomass, desorp-
ion with acid could be more advantageous, since the release of
etal and regeneration of the alga can be achieved just in one

tep, diminishing the overall process cost. Although calcium salt
esorption was suggested as the best desorbing agent, the fact
hat the affinity of the Sargassum biosorbent towards Ca(II) ion
s greater than towards Cd(II) ion [15], implies that Ca(II) ion
s more difficult to be removed from the binding sites than the
rotons, when Cd(II) is adsorbed. So that, we chose HNO3 acid
s desorbent agent in column sorption–desorption studies with
he protonated alga S. muticum.

.2. Column studies

.2.1. Adsorption cycles
The column operation parameters, such as flow rate and bed

eight, were selected based on a previous paper, where the influ-
nce of these process variables on metal biosorption in column
ig. 2. Multiple breakthrough curves for cadmium biosorption (50 mg L−1) by
rotonated S. muticum biomass (5.8 g) at constant flow rate (10 mL min−1).



P. Lodeiro et al. / Journal of Hazardous Materials B137 (2006) 1649–1655 1653

Table 2
Breakthrough parameters for 11 sorption–desorption cycles, using a fixed-bed column for the removal of cadmium (50 mg L−1) by protonated S. muticum biomass
(5.8 g) at a flux rate of 10 mL min−1, breakthrough concentration: 0.02 mg L−1

Cycle QCd,max (mg g−1) CCd,e (mg L−1) dC/dt (mg L−1 h−1) LUB (cm) �t (h) tb (h) te (h) t* (h)

1 98 43 1.0 11 41 2.2 46 19
2 60 46 1.2 12 39 0.8 40 12
3 72 42 1.1 11 40 2.1 42 14
4 71 44 1.1 11 39 2 41 14
5 70 42 1.2 11 36 2 38 14
6 66 43 1.2 11 38 2 40 13
7 69 42 1.3 11 36 2.2 38 13
8 56 44 1.2 11 38 1.8 40 11
9 60 44 1.2 11 36 2 38 12
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0 56 46 1.3
1 65 43 1.4

he first cycle the curves are practically identical, with a step-
er character reflected in the increase of their slopes (Table 2).
he adsorption–desorption performance of a column is directly

elated to the shape and length of the breakthrough curve, so
haracterisation of these parameters may be significant.

The column operating parameters are presented in Table 2.
he obtained values for the second cycle constitutes an excep-

ion, as it is explained below, due to the earlier anomalous
esorption step, and they were not taken into account.

The breakthrough time (tb) was found to remain practically
onstant during the 11 sorption cycles (Table 2), and only a
ittle increase can be found in the last cycle. This is of great
mportance for the practical application of the algae as metal
iosorbent, since it implies the continuous use of the biosorbent
ith no apparent loss of sorption performance. Moreover, as it
as expected, the length of the mass transfer zone (�t), which

s described by the difference between exhaustion and break-
hrough times, did not change considerably during the process.
his implies that the overall sorption zone remains approxi-
ately constant during the cycles. Different behaviour for break-

hrough time, as cycles were incremented, can be observed in the
iterature for metal sorption–desorption in column by seaweeds
8–11].

The maximum metal uptake resulted in a considerable reduc-
ion after the first desorption cycle and afterwards, the obtained
alues are practically constant with low variations in some
ycles. The diminution in Cd(II) uptake capacity in the second
ycle could be attributed to the effect of the prior acid desorption
tep. Although the biomass was previously acid-treated, this first
lution solubilised some part of the algal biomass, altering its
tructure and chemical composition, with the consequent loss or
lockage of binding sites. On the other hand, it must be taken
nto account the diminution observed in algal mass was not con-
idered in the calculations of Cd(II) uptake capacity, since it was
elated to the initial dry weight of biomass, and therefore, the
alues for metal adsorption from the first cycle are only apparent.

During the different cycles slight variations in flow rate

nd mass transfer conditions are possible, implying a possible
hange in the accessibility to the groups responsible for metal
dsorption. As an example, in cycles three and six, a block-
ge in column that reduced flow rate around 15–20% could be

c
o
r
w

10 36 2.2 38 11
10 33 2.7 36 13

etected during the process. This could be a consequence of
hanges in physical properties, leaching or excessive swelling
f the biomass, due to the large time that it is contacted with
etal solution. So as not to influence the column operation we
aited for desorption step, when the problem was solved due

o the strong acid conditions employed. During this process, the
cid were able to sweep the rest of biomass that could block the
ow, and clean the column.

As it was mentioned above, the geometry of the curves from
ycle 2 to 11 is very similar. This is reflected in the constant
alues obtained for stoichiometric time (t*) and LUB during
hese cycles (Table 2).

The slope of the breakthrough curves (dC/dt) may also be
sed to characterize the breakthrough curves. Table 2 shows
he obtained values, which experimented a trend of increase,
chieving its maximum for the last cycle tested (a 40% greater
han for the first one), when the shortest adsorption zone was
lso found.

The effluent solution pH was frequently measured finding a
ecrease tendency as the Cd(II) was sorbed, from the initial value
between 4 and 5) to a constant value (approximately 3) when
he bed was saturated. As the metal solution is contacted with
he protonated biomass, an exchange between Cd(II) sorbed and
rotons released take place and therefore a pH decrease can be
bserved. When the bed was exhausted no more protons were
iberate and then the pH tends to a constant value.

.2.2. Desorption cycles
In order to regenerate the biosorbent material, an elution step

as carried out after each adsorption cycle, when the column
ed was saturated. The effective operation of the next sorption
rocess is clearly related to the efficiency of the preceded desorp-
ion step. After each elution operation, the column was washed
ith deionised water in order to eliminate the rests of acid in

he bed, until a pH value between 4 and 5 was achieved in the
ffluent solution.

In the first desorption cycle, the acid eluant solution was recy-

led throughout the column, so as to attain a higher efficiency
f this desorbent agent. However, it did not produce the desire
esults. The acid solution (pH around 1.5) was fed to the column
ith the metal previously desorbed. This produced low Cd(II)
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ig. 3. Multiple elution curves for cadmium desorption at constant flow rate
10 mL min−1), employing HNO3 0.1 M as eluant.

radient concentration in the bed, which avoided the desorption
f every metal bounded to the biomass. Moreover, it is not pos-
ible, in this way, to calculate very important parameters that
efine the elution performance, such as the quantity of metal
esorbed, the elution efficiency or the concentration factor. In
he other desorption cycles, the eluted solution was not recycled.

As it was predicted in the previous batch studies, the first acid
lution produced some loss of biomass material together with its
orresponding binding sites, which produced an apparent uptake
iminution in the followed sorption cycles. Nevertheless, this
act could be also beneficial, so several binding sites that were
naccessible due to structural limitations could be now available
o metal uptake.

The desorption curves from cycle 2 to 11 showed a very
imilar unsymmetrical shape, with a rapid metal concentration
ncrease, followed by a flatter diminution (Fig. 3). One of the

ost important advantages of the acid elution is its high desorp-
ion rate, particularly in the first hour; moreover, it allowed to
btain elevated elution efficiencies in most of the regeneration

ycles. Desorption was performed during 6 h, giving very low
esidual Cd(II) concentrations (C6h) (see Table 3). In only 5 min
r less, the maximum concentration peak was achieved. When
he elution reached to 1 h (C1h), the effluent concentration was

able 3
egeneration parameters for 11 sorption–desorption cycles, using a fixed-bed
olumn for the removal of cadmium (50 mg L−1) by protonated S. muticum
iomass (5.8 g) at a flux rate of 10 mL min−1

ycle Cp (mg L−1) tp (min) CFp C1h (mg L−1) C6h (mg L−1) E (%)

2 2755 5 55 0.78 0.010 120
3 4863 5 97 0.83 0.010 102
4 4563 2 91 0.51 0.018 81
5 5032 5 101 0.62 0.080 109
6 4336 3 87 0.51 0.040 71
7 4670 5 93 0.34 0.014 70
8 4415 5 88 0.66 0.010 99
9 5441 5 109 0.14 0.015 106
0 4567 5 91 0.24 0.011 95
1 5279 5 106 0.37 0.013 90
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lways lower than 0.9 mg L−1. It is known that a long desorp-
ion time could cause the destruction of the biomass structure
r, on contrary, a short elution process could be ineffective, so
t is important to appropriate balance this procedure [1,17].

The elution efficiency provides information about the entire
esorption curve, based on a previous adsorption step. There-
ore, one must be aware of its significance and possible errors
n its calculation. The narrow desorption peak make difficult
o exactly determine the area below it. Because of this, some
ncertainty can be found in the metal mass desorbed calcula-
ions, which is reflected in the elution efficiency values.

The desorption efficiency was normally between 80 and
00% except for the cycle number two, where 120% was
chieved. In the previous adsorption step the algae contained
ound metal before the adsorption started, probably due to the
ailed first elution process; thus, the quantity of metal desorbed
n the second cycle is greater than the adsorbed before, produc-
ng this apparent high percentage of elution. On the other hand,
esorption efficiency for cycles 6 and 7 was atypically low. This
an be attributed to changes in flow conditions due to the block-
ge of the column, channel and bubble formation, or to the error
n the calculation of the area below desorption curves.

Dividing the maximum concentration peak (Cp) by the initial
nfluent metal concentration (Ci), the concentration factor (CFp)
s obtained (Table 3). This term expressed the factor by which the

etal concentration is raised with respect to its initial concen-
ration in the influent solution. Therefore, in order to desorb the

aximum quantity of metal in a short time, which implies a low
ffluent volume, it is important that CFp was as high as possible.
constant concentration factor value around 95 was found from

ycle 3 to 11, meaning that the overall capacity of biosorbent
o concentrate the metal remains invariable during these cycles.
he low value obtained for second desorption cycle was prob-
bly due to the previous anomalous step, as it was explained
bove.

The effluent solution pH was regularly measured during
egeneration steps. The pH tendency was very similar to the
bserved in the desorption curves: a rapid increase in the first
min, followed by a continuing diminished towards constant
alues (around 1.5). The situation is opposite to the observed in
dsorption cycles, the protons of the eluant were exchanged with
he metal bound, which produces an initial augment of the pH
alue up to the point of maximum Cd(II) released concentration
n the effluent. As occurs in sorption cycles, this pH tendency
upports the idea of ion exchange as the predominant mechanism
n metal biosorption [18,19].

After the eleventh desorption cycle the biomass was oven
ried and weighed, founding 4.3 g of algae remained, which
orrespond to a weight loss of 27% for the whole process.

. Conclusions
Batch studies demonstrated the high efficiency of chloride
nd nitrate calcium salts as desorbing agents, for the released
f the Cd(II) previously bound to protonated S. muticum alga,
ausing no structural damage in the biomass or even reinforcing
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t. HNO3 and HCl were found to have similar eluant capacity.
hey were more aggressive for the stability of the algae; nev-
rtheless, acid desorption contributed to sweep soluble biomass
aterial, which could block a fixed-bed column employed in
etal sorption–regeneration cycles. Moreover, the previous state

f the biomass, among other factors, must be taken into account
n the desorbent election.

The results obtained in the column studies demonstrated that
he protonated macroalga S. muticum could compete with com-

ercial biosorbents for the removal of Cd(II) from wastewaters
n fixed-bed columns. The system tested was able to operate
uring 605 h for sorption, maintaining a Cd(II) effluent concen-
ration lower than 0.02 mg L−1 during at least 2 h in the 11 cycles
ested. The metal desorption with HNO3 acid was fast, with a

aximum Cd(II) concentration peak obtained in 5 min or less,
nd a residual metal concentration lower than 0.9 mg L−1, after
h of elution for all the cycles studied.

After an acid treatment, the invasive algae S. muticum was
ble to support an uninterrupted use during, at least, 28 days
ubjected to continuous Cd(II) sorption–desorption cycles in a
xed-bed column, with no apparent diminution of its sorption
erformance, despite the 27% weight loss found for the whole
rocess.

cknowledgments

The authors wish to thank Xunta de Galicia through project
GIDT02TAM10302PR and Ministerio de Ciencia y Tecnologı́a

hrough project BQU 2002-02133 for financial support. The
uthors would like to thank Dr. I. Bárbara and Dr. J. Cremades
U. of A Coruña) for the collection and classification of the
lga. M. Rodrı́guez Casabella (benefited from the Plan Labora
f Xunta de Galicia) is gratefully acknowledged for her helpful
xperimental measurements.

eferences
[1] B. Volesky, Sorption and Biosorption, BV Sorbex, St. Lambert, Quebec,
2003.

[2] P. Lodeiro, B. Cordero, Z. Grille, R. Herrero, M.E. Sastre de Vicente,
Physicochemical studies of cadmium(II) biosorption by the invasive alga

[

aterials B137 (2006) 1649–1655 1655

in Europe, Sargassum muticum, Biotechnol. Bioeng. 88 (2004) 237–
247.

[3] J.P. Chen, L. Yang, Chemical modification of Sargassum sp. for prevention
of organic leaching and enhancement of uptake during metal biosorption,
Ind. Eng. Chem. Res. 44 (2005) 9931–9942.

[4] S. Kalyani, P.S. Rao, A. Krishnaiah, Removal of nickel(II) from aqueous
solutions using marine macroalgae as the sorbing biomass, Chemosphere
57 (2004) 1225–1229.

[5] S. Schiewer, B. Volesky, in: D.R. Lovley (Ed.), Biosorption Processes for
Heavy Metal Removal, ASM Press, Washington, DC, 2000, pp. 329–362.

[6] J. Wase, C.F. Forster, Biosorbents for Metal Ions, Taylor & Francis, London,
1997.

[7] D.O. Cooney, Adsorption Design for Wastewater Treatment, Lewis Pub-
lishers, Boca Raton, FL, 1999.

[8] K. Vijayaraghavan, J. Jegan, K. Palanivelu, M. Velan, Batch and col-
umn removal of copper from aqueous solution using a brown marine alga
Turbinaria ornata, Chem. Eng. J. 106 (2005) 177–184.

[9] K. Vijayaraghavan, J. Jegan, K. Palanivelu, M. Velan, Biosorption of cop-
per, cobalt and nickel by marine green alga Ulva reticulata in a packed
column, Chemosphere 60 (2005) 419–426.

10] K. Vijayaraghavan, J. Jegan, K. Palanivelu, M. Velan, Biosorption of
cobalt(II) and nickel(II) by seaweeds: batch and column studies, Sep. Purif.
Technol. 44 (2005) 53–59.

11] B. Volesky, J. Weber, J.M. Park, Continuous-flow metal biosorption in a
regenerable Sargassum column, Water Res. 37 (2003) 297–306.

12] I. Aldor, E. Fourest, B. Volesky, Desorption of cadmium from algal biosor-
bent, Can. J. Chem. Eng. 73 (1995) 516–522.

13] P. Lodeiro, C. Rey-Castro, J.L. Barriada, M.E. Sastre de Vicente, R. Her-
rero, Biosorption of cadmium by the protonated macroalga Sargassum
muticum: Binding analysis with a nonideal, competitive, and thermody-
namically consistent adsorption (NICCA) model, J. Colloid Interf. Sci.
289 (2005) 352–358.

14] C.S. Lobban, P.J. Harrison, Seaweed Ecology and Physiology, Cambridge
University Press, Cambridge, England; New York, NY, USA, 1994.

15] 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.

16] P. Lodeiro, R. Herrero, M.E. Sastre de Vicente, The use of protonated
Sargassum muticum as biosorbent for cadmium removal in a fixed-bed
column, J. Hazard. Mater. 137 (2006) 244–253.

17] N. Kuyucak, B. Volesky, Desorption of cobalt-laden algal biosorbent,
Biotechnol. Bioeng. 33 (1989) 815–822.

18] D. Kratochvil, B. Volesky, G. Demopoulos, Optimizing Cu

removal/recovery in a biosorption column, Water Res. 31 (1997)
2327–2339.

19] R.H. Crist, K. Oberholser, N. Shank, M. Nguyen, Nature of bonding
between metallic ions and algal cell walls, Environ. Sci. Technol. 15 (1981)
1212–1217.


	Batch desorption studies and multiple sorption-regeneration cycles in a fixed-bed column for Cd(II) elimination by protonated Sargassum muticum
	Introduction
	Materials and methods
	Biomass
	Batch experiments
	Column experiments

	Theory: definition of operation parameters
	Adsorption curves
	Desorption curves

	Results and discussion
	Batch desorption studies
	Column studies
	Adsorption cycles
	Desorption cycles


	Conclusions
	Acknowledgments
	References


