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a b s t r a c t

Chondracanthus chamissoi is an efficient biosorbent for Pb(II) and Cd(II). The sorption efficiency increases
with pH and reaches an optimum around pH 4. Maximum sorption capacity reaches 1.37 mmol Pb g−1

and 0.76 mmol Cd g−1. The biosorbent has a marked preference for Pb(II) over Cd(II), though insufficient
for separating these metals by a simple sorption step. The uptake kinetics is controlled by the resistance
vailable online 7 October 2010
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to intraparticle diffusion with a limited impact of particle size, metal concentration and sorbent dosage.
In the present case, grinding the biomass does not improve sorption capacity and uptake kinetics. The
sorption of metal ions is probably due to their interaction with carrageenan (one of the main constituents
of the biosorbent): sulfonic groups (on the sulfated polysaccharide) have a higher affinity for Pb(II) than
for Cd(II) according to HSAB rules.
orption isotherms
ptake kinetics

. Introduction

The regulations concerning wastewater discharge to the envi-
onment are becoming more and more drastic in order to recycle
aste streams and optimize the use of water resources. Efflu-

nts containing metal ions processing from mining, metallurgy
ctivities are important sources of contamination of water bodies.
onventional processes for metal recovery include precipitation
1], solvent extraction [2], sorption on ion exchange, extractant
mpregnated and chelating resins [3,4]. Though these processes are
lobally efficient, they frequently face economical and/or technical
imitations. Indeed, they may be non competitive for the treat-

ent of low-concentration effluents (resins, solvent extraction),
ot capable of reaching requested levels of decontamination (pre-
ipitation). They may have serious environmental drawbacks since
hey can produce huge amounts of contaminated sludge (precipita-
ion) or toxic compounds release (solvent extraction). The thermal
egradation of synthetic resins at the end of their life cycle can
lso produce hazardous sub-products [5]. These are some reasons
hat can explain the interest of research community for developing
lternative processes such as biosorption.
Biosorption consists in using materials of biological origin for
he sorption of target molecules (metal ions, dyes, etc.) through
nteractions that mimic those involved in metal binding on ion
xchange and chelating resins. Though most of the studies focus
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E-mail addresses: eric.guibal@ema.fr, Eric.Guibal@mines-ales.fr (E. Guibal).
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on living or non-living biomass (bacteria, fungi, yeast, etc.),
sub-products from agriculture, marine industry have also been fre-
quently cited as biosorbents [6,7]. Brown and green algae have
retained most of the attention in the field of metal biosorption
[8–14]. The presence of alginate in their cell wall may explain
their high efficiency for metal uptake through complexation or ion
exchange on carboxylic acid groups (guluronic and mannuronic
acids). However, red algae may have also significant potential for
sorption [15–18]. These algae are characterized by the presence
of other polysaccharides like carrageenan. Actually, the term car-
rageenan recovers a number of different linear sulfated galactans.
They are composed of alternating 3-linked �-d-galactopyranose
(G-units) and 4-linked �-d-galactopyranose (D-units) or 4-linked
3,6-anhydro-�-d-galactopyranose (DA-units): these associations
form the disaccharide repeating unit of carrageenan. Different
carrageenans exist corresponding to different units, different
arrangements and different proportions (Fig. AM1, in the Addi-
tional Material section) [19–21]. Carrageenan is used for its
gelling properties in cosmetics, food industry, for coagulation and
flocculation in environmental applications, for encapsulation in
biotechnology. The sulfonic groups of the biopolymer are respon-
sible for metal binding [22]: actually, the efficiency of the polymer
depends on its degree of sulfatation.

Red algae can be considered as potential marine resource and in

many countries of South America alga farming is considered a com-
petitive activity for the production of carrageenan: Chondracanthus
chamissoi has been cultivated for the extraction of this biopoly-
mer [23,24]. The ability of this biomass for sorbing metals should
be investigated not only for the potential of these biosorbents but

dx.doi.org/10.1016/j.jhazmat.2010.09.108
http://www.sciencedirect.com/science/journal/03043894
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lso for evaluating how these biosorbents could be at the origin of
contamination of carrageenan sources (for applications in food,

osmetics and health).
This study evaluates C. chamissoi for the sorption of Pb(II) and

d(II). These metal ions are frequently found in wastewater from
ining, metallurgy industries and may contribute to contaminate
arine environment and local fauna and flora [25,26]. FT-IR spec-

rometry was used for characterizing the biopolymers extracted
rom the alga and the spectrum was compared to the spectra of �-
nd �-carrageenan. After investigating the impact of pH on metal
orption, the sorption isotherms were determined at optimum pHs
nd experimental curves were modeled using the Langmuir equa-
ion. Finally, the influence of a series of experimental parameters
particle size, sorbent dosage, and metal concentration) on uptake
inetics was investigated using the models of resistance to film dif-
usion and to intraparticle diffusion and the pseudo-second order
ate equation for simulating kinetic profiles.

. Materials and methods

.1. Materials

Lead acetate trihydrate (Pb(CH3COO)2·3H2O, Carlo Erba) and
admium chloride (CdCl2·2.5H2O, Merck) salts were used for the
reparation of stock solutions. Other solutions were prepared by
ilution using Milli-Q demineralized water.

The red alga was collected in the Bahía de Chancay (Province
f Huaral, Péru) in August 2009. It was identified as C. chamissoi
C. Agardh) Kützing. The material was abundantly rinsed with tap
ater and finally with demineralized water. The clean biomass was

hen dried at room temperature before being ground and sieved at
he following sizes:

0 �m < PS1 < 125 �m < PS2 < 250 �m < PS3 < 500 �m < PS4

< 710 �m.

The stability of the biomass was evaluated at different pHs (in
he target pH range of the study; i.e., between 2 and 6.5). With some
rown algae, some compounds may be dissolved during metal
orption causing potential “re-precipitation” phenomena [12]. In
uch a case a pre-treatment with calcium chloride is necessary.
he biomass was stabilized at target pH values, the filtrate was
ecovered and mixed with metal solutions in order to verify the
ccurrence of precipitation. In the present case, the biomass was
table and could be used without any treatment.

In order to characterize the biomass, the biopolymers were
xtracted using the procedure described by Pereira et al. [21]. The
reatment consists in rehydrating the biomass for 12 h in water
efore a treatment with a 1:1 acetone/methanol mixture. The
iomass is digested in 150 mL of a 1 M NaOH solution at 80 ◦C under
eflux for 3 h. Finally, the suspension is filtrated and the filtrate
containing the characteristic biopolymers) is precipitated by the
ddition of ethanol (96%). The precipitate was dried and analyzed
y FT-IR spectrometry (FT-IR Bruker equipped with OPUS Software)
fter inclusion in KBr discs.

SEM-EDAX analysis was also performed on the biomass for
bservation and identification of binding localization. The dry
orbent was analyzed using an Environmental Scanning Electron
icroscopy (ESEM) Quanta FEG 200, equipped with an OXFORD

nca 350 Energy Dispersive X-ray microanalysis (EDX) system.
.2. Sorption experiments

The influence of pH was studied by contact for 48 h of the biosor-
ent (m: 20 mg of the biosorbent at the particle size PS3) with a
s Materials 185 (2011) 922–929 923

volume V (L) of 0.15 L of the metal solution (initial concentration,
C0: 70 mg metal L−1) at target pH values. For Pb(II), initial pH was
set between 2.0 and 5.5 while for Cd(II) the pH was varied between
2.0 and 7.0. The pH was controlled using molar solutions of HCl
and NaOH. After 2 days of agitation on a reciprocal shaker, the
solution was filtrated using a 1–2 �m pore size filtration mem-
brane and the filtrate was analyzed by ICP-AES for equilibrium
metal concentration (Ceq: mg metal L−1 or mmol metal L−1) using a
Jobin-Yvon Activa-M (Jobin-Yvon, Longjumeau, France). The mass
balance equation was used for calculating the sorption capacity q
(mg metal g−1, or mmol metal g−1): q = (C0 − Ceq)V/m. The final pH
was systematically monitored at equilibrium.

Sorption isotherms were performed at pHs 4 and 5 for Pb(II), and
pH 4 for Cd(II). A given amount of sorbent (i.e., 20, 30 or 40 mg of
biosorbent, PS3) was dropped into 150 mL of metal solution at the
appropriate pH. The metal concentration was varied between 5 and
200 mg metal L−1. The isotherms obtained with different amounts
of biosorbent were merged. The suspension was maintained under
agitation for 24 h using a reciprocal shaker at room temperature
(i.e., 20 ± 1 ◦C). Finally, the suspension was filtrated and the residual
concentration of metal was analyzed by ICP-AES. Similar procedure
was used for the investigation of metal sorption in binary solutions.

Uptake kinetics was determined at room temperature mixing 1 L
of solution with a fixed amount of sorbent. Samples were collected
at different contact times, filtrated and analyzed by ICP-AES for the
determination of the kinetic profile (plotting the relative concen-
tration C(t)/C0 versus time). The amount of sorbent (i.e., sorbent
dosage, SD, g L−1), the initial metal concentration and the particle
size (PS1–PS4) were varied: relevant experimental conditions are
extensively described in the caption of the figures.

The models used for the description of sorption isotherms
and uptake kinetics are fully described in the Additional Material
section.

3. Results and discussion

3.1. Characterization of biosorbent

The biomass of C. chamissoi was treated by the alkaline pro-
cedure for carrageenan extraction [21] and the FT-IR spectrum of
the extract was compared to the spectra of �- and �-carrageenan
(Table 1 and Fig. AM2 in the Additional Material section). The most
interesting wavenumbers for carrageenan identification range
between 1400 and 700 cm−1 [19]. The bands appearing on the
spectrum of the alkaline extract are consistent with those identi-
fied on �- and �-carrageenan and reported by Pereira et al. [19].
The peak at 801 cm−1 is typical of �-carrageenan (also reported
for �-carrageenan). This peak did not appear on the spectrum of
the alkaline extract of C. chamissoi. This probably means that the
alga is mainly constituted of �-carrageenan (or its precursor �-
carrageenan). This is consistent with the levels (molar fraction
of �-carrageenan) reported for several species of Chondracanthus
algae (50–82 mol%) [27] and more specifically for C. chamissoi
(82 mol%)[28].

The SEM analysis of the sorbent showed different structures
such as tubular forms and more massive shapes. The surface of the
biosorbent is quite irregular (stripped forms). The cross-sections
of the tubes show irregular or heterogeneous aspects. The SEM-
EDX analysis allows identifying the presence of major elements
(Fig. AM3, Additional Material section). The most representative
elements are alkaline and alkaline earth metals, the sulfur element

(sulfated polysaccharides) and the target sorbed metals (i.e., Pb and
Cd). Actually, it was not possible detecting significant variations in
the distribution of S and Pb (or Cd) for the different samples. The
biosorbent can be roughly considered as a homogeneous material
in terms of metal sorption.
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Table 1
FT-IR analysis of alkaline extract of C. chamissoi biomass and identification of main characteristic peaks for �- and �-carrageenan.

Wavenumbers (cm−1)a Bonda Reactive groupa �-cara �-cara Alkaline extract of C. chamissoi (cm−1)b

1240–1260 S O Sulfate ester + ++ 1250.5
1070 C–O 3,6-Anhydrogalactose + + 1071.5
970–975 Galactose + + Poorly resolved
930 C–O 3,6-Anhydrogalactose + + 929.6
845 C–O–SO On C4 of galactose + + 833.3 [844.0 (�-) and 838.6 (�-)]
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a From Pereira et al. [19].
b Into brackets the wavenumbers for �- and �-carrageenan on FT-IR spectra (pres

.2. Influence of pH

The pH of the solution may affect sorption through differ-
nt effects or mechanisms: (a) influence on metal speciation, (b)
iomass degradation, and (c) protonation/deprotonation of reac-
ive groups. The optimization of the pH, taking into account the
haracteristics of the biosorbent and those of the effluent, is thus
n important preliminary step in the study of metal biosorption.
ig. 1 shows the influence of pH on Pb(II) and Cd(II) biosorption.
elow pH 2 the sorption capacity remained negligible, the sorption
apacity progressively increases up to pH 5. Above pH 5, the sorp-
ion capacity tends to stabilize. Experimental conditions (i.e., pH
nd metal concentrations) were selected for preventing metal pre-
ipitation. At low pH, the competition of protons with metal ions
or binding on reactive groups may explain the negligible sorp-
ion of both Pb(II) and Cd(II). Similar trends were observed for

he binding of Cd(II) on Mastocarpus stellatus [16]: the titration
f the biomass showed a pKa value (i.e., 1.56) close to the values
orresponding to sulfated groups from galactopyranose units (i.e.,
etween 1 and 2.5) of carrageenans and agar. The sorption was

0

50

100

150

200a

b

7531

q
 (

m
g

 m
et

a
l 

g
-1

)

pHf

Pb(II)

Cd(II)

1

3

5

7

7531

p
H

f

pHi

Pb(II)

Cd(II)

ig. 1. Influence of pH on Pb(II) and Cd(II) sorption on C. chamissoi (a) and pH varia-
ion (b) during metal sorption (C0: 70 mg metal L−1; PS: 250–500 �m; SD: 0.2 g L−1).
− + [801.2 (�-)]

ork).

thus attributed to the carrageenan groups present in this type of
algae: Bixler [28] analyzed the carrageenans present in M. stella-
tus and evaluated the molar fraction of �-carrageenan to 74%. The
increase of metal sorption with pH above pH 2 can thus be corre-
lated to the acid–base properties of the sulfated polysaccharides
present in C. chamissoi. Above the pKa of sulfated polysaccharides
the competition of protons decreases and sulfated groups remain
available for metal binding. Above pH 5 the sorption capacity sta-
bilized for both Pb(II) and Cd(II) binding. The sorption efficiency
approached 55% and 32% under selected experimental conditions
for Pb(II) and Cd(II), respectively: the sorbent was saturated at given
pH.

It is also important to evaluate the impact of sorption on pH
variation. Indeed, frequently the acid–base properties of the sor-
bent may induce proton binding, or proton release, that causes
substantial variation of the pH. This pH variation may change with
metal concentration, sorbent dosage, ionic strength of the solution.
A substantial and variable change in the pH of the solution dur-
ing the process can strongly impact the comparison of sorption
performance, the interpretation of sorption mechanisms and the
modeling of experimental data. The second panel of Fig. 4 shows
the equilibrium pH (pHf) as a function of initial pH (pHi) In the
case of Pb(II) the distribution of experimental data is close to the
first bisector and the pH variation did not exceed 0.2 units; in the
case of Cd(II) the pH variation was more marked and reached up to
0.4–0.5 pH units, especially above pH 4.5. Based on these results,
the pH value was set to pH 4 for the study of sorption isotherms
and uptake kinetics.

3.3. Sorption isotherms
The sorption isotherms are reported in Fig. 2. For Pb(II) the
isotherms have been established for both pH 4 and pH 5 in order to
evaluate the potential impact of small pH variations on the maxi-
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Fig. 2. Pb(II) and Cd(II) sorption isotherms on C. chamissoi (pHi: 4 and 5 for Pb(II)
and 4 for Cd(II)).
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um sorption capacity. The isotherms were superimposed and the
H variation did not influence sorption profile. For the isotherm at
H 5 the final pH varied between 4.9 and 5.5, while at pH 4 the final
H ranged between 3.8 and 4.3. These results confirm that for Pb(II)
he final pH remained relatively stable on this pH range (pHs 4–5)
nd that the modeling of sorption isotherms will be meaningful. In
he case of Cd(II), the isotherm was carried out at pH 4 and the final
H ranged between 4.1 and 4.3.

C. chamissoi had a preference for Pb(II) over Cd(II). The max-
mum sorption capacity exceeded 270 mg Pb g−1 (comparable for
H 4 and pH 5) against 80 mg Cd g−1. The continuous lines in Fig. 2
how the modeling of the isotherms with the Langmuir equa-
ion. The parameters of the model are summarized in Table 2. The
reater affinity of C. chamissoi for Pb(II) is confirmed by the sorption
apacities at saturation of the monolayer (qm): 277–283 mg Pb g−1

gainst 85 mg Cd g−1. In molar units, the sorption capacity for
b(II) was almost the double of the sorption capacity of Cd(II):
.35 mmol Pb g−1 versus 0.76 mmol Cd g−1. In terms of affinity coef-
cient (the b coefficient of the Langmuir equation), the differences
re less marked. The affinity coefficient of the biosorbent was a little
igher for Cd(II) than for Pb(II), but these values remain in the same
rder of magnitude: 21 L mmol−1 for Cd(II) versus 18 L mmol−1 for
b(II). The coefficient qm × b is representative of the initial slope of
he sorption isotherm; it is slightly higher for Pb(II) (25 L g−1) than
or Cd(II) (16 L mg−1).

It sounds interesting to correlate the higher sorption of Pb(II)
over Cd(II)) on C. chamissoi to their intrinsic characteristics, accord-
ng to the Hard and Soft Acid and Base theory (HSAB theory) [29].
he metals can be ranked according to their electronegativity and
olarizability as hard acids, borderline (such as Pb(II)) or soft acids
such as Cd(II)). Sulfate is classified as a borderline ligand (border-
ine base) while sulfonic groups are considered as a hard base. The
oftness coefficients for Cd(II), Pb(II) and sulfate groups are 0.58,
.41 and −0.38, respectively [30]. The HSAB theory supposes that
ard (Lewis) acids prefer to bind to hard (Lewis) bases (and recip-
ocal). Based on the hypothesis that sulfated polysaccharides are
esponsible for metal binding in C. chamissoi the preference of the
iosorbent for Pb(II) can thus be explained by the greater affinity
etween sulfate (borderline base)/sulfonate (hard base) groups of
he biosorbent for Pb(II) (borderline acid) compared to Cd(II) (soft
cid).

Table 3 reports some sorption capacities of different red algae
or Pb(II) and Cd(II). This table shows that C. chamissoi has a
ignificantly higher sorption capacity than the red algae conven-
ionally tested for Pb(II) and Cd(II) (with the remarkable exception
f Galaxaura marginata when the biomass is pre-treated with HCl
o remove CaCO3 from this calcareous algae). The values found
n the present work are quite similar to those obtained with
rown algae (alginate-rich biosorbents). For Pb(II), sorption capac-

ties ranging between 1.1 and 1.31 mmol Pb g−1 were obtained for
argassum vulgare, Fucus vesiculosus, Sargassum natans and Asco-
hyllum nodosum at pH 3.5 [31]. For Cd(II), sorption capacities
aried between 0.66 and 0.79 mmol Cd g−1 for several Sargassum
pecies (i.e., S. vulgare, S. fluitans, S. muticum and S. filipendula) at pH
.5 [35]. Holan et al. [36] reported higher values for Cd(II) sorption
t pH 3.5 with S. natans and A. nodosum (around 1.18 mmol Cd g−1),
nd up to 1.91 mmol Cd g−1 for A. nodosum when increasing the pH
o 4.9. C. chamissoi is among the most efficient red algae for Pb(II)
nd Cd(II) biosorption but remains slightly less efficient than brown
lgae, especially for Cd(II) biosorption. Sulfate/sulfonic groups of
arrageenans are less reactive than carboxylic groups of alginate.
In order to confirm the preference of the biosorbent for Pb(II)
ver Cd(II) sorption isotherms were carried out in binary solu-
ions. The sorption of Pb(II) was tested in the presence of Cd(II) at
xed concentration (100 mg Cd L−1), and reciprocally the sorption
f Cd(II) was performed in the presence of Pb(II) at fixed concentra-
Fig. 3. Influence of particle size on Pb(II) (a) and Cd(II) (b) uptake kinetics using C.
chamissoi (SD: 0.15 g L−1; pH: 4; C0: 50 mg metal L−1; T: 20 ◦C; �: 250 rpm)—Modeling
using the resistance to intraparticle diffusion equation.

tion (i.e., 100 mg Pb L−1) (Fig. AM4, Additional Material section). The
sorption capacities for a target metal are considerably decreased in
the presence of the competitor ion. Both the initial slope of the
curves (correlated to the affinity of the biosorbent for the metal)
and the maximum sorption capacities were decreased. The two
metals compete for the same sorption sites. However, the total
sorption capacity remained quite high; it varied between 0.7 and
1.12 mmol metal g−1 for Pb(II) in the presence of Cd(II) as the com-
petitor metal, and between 0.76 and 0.98 mmol metal g−1 for Cd(II)
in the presence of Pb(II). The bi-component sorption isotherms
were modeled with the extended Langmuir equation (with the
parameters of the isotherms in mono-component solutions, see
Additional Material section, Fig. AM4). The extended Langmuir
equation failed to fit experimental data in binary solutions. The
two metals did not play “symmetrical” role. The relative position
of the curves indicates that Pb(II) was preferentially sorbed: the
Pb(II) binary isotherm curve was above the extended Langmuir sim-
ulation while the Cd(II) binary isotherm was below the simulated
curve. These results confirm the preference of the biosorbent for
Pb(II), although this preference is not sufficient for separating the
metal ions by a single sorption step.

3.4. Uptake kinetics
The uptake kinetics has been studied evaluating the influence
of particle size, sorbent dosage, metal concentration and temper-
ature (Figs. 3–5). The experimental data were modeled using the
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Table 2
Sorption isotherms for C. chamissoi—Parameters of the Langmuir equation (particle size: PS3 250–500 �m).

Metal pH qm (mg metal g−1) qm (mmol metal g−1) b (L mg−1) b (L mmol−1) R2

Pb(II) 4 283.5 1.37 0.089 18.5 0.990
Pb(II) 5 276.7 1.34 0.088 18.2 0.974
Cd(II) 4 85.2 0.76 0.190 21.3 0.987

Table 3
Comparison of Pb(II) and Cd(II) sorption capacities for different red algae (native).

Biosorbent Metal pH Sorption capacity (mmol metal g−1) Reference

Chondrus crispus Pb(II) 3.5 0.13 [31]
Galaxaura marginata Pb(II) 3.5 0.13 [31]
Galaxaura marginataa Pb(II) 3.5 1.53 [31]
Gracilaria corticata Pb(II) 4.5 0.26 [32]
Gracilaria canaliculata Pb(II) 4.5 0.20 [32]
Gracilaria sp. Pb(II) 5.0 0.45 [14]
Polysiphonia violacea Pb(II) 4.5 0.49 [32]
Chondracanthus chamissoi Pb(II) 4–5 1.35 This study

Mastocarpus stellatus Cd(II) 2.4 0.49 [16]
Mastocarpus stellatus Cd(II) 4 0.56 [16]
Mastocarpus stellatus Cd(II) 6 0.59 [16]
Hypnea valentiae Cd(II) 6.0 0.14–0.25 [33]
Gracilaria sp. Cd(II) 5.0 0.30 [14]
Gracilaria fisheri Cd(II) 4.0 0.63 [34]
Chondracanthus chamissoi Cd(II) 4 0.76 This study

a Calcareous algae, Galaxaura marginata, treated with HCl for CaCO3 removal.

Table 4
Influence of particle size (PS) on uptake kinetics—Modeling of experimental data with the simplified model of resistance to intraparticle diffusion (Crank’s equation) and
PSORE model (SD: 0.15 g L−1; C0: 50 mg metal L−1).

Metal PS (�m) Crank’s equation PSORE equation

Deff × 1011 (m2 min−1) EV qm,exp (mg metal g−1) qm,calc. (mg metal g−1) k2 × 103 (g mg−1 min−1) R2

Pb(II) 80–125 12.2 0.11 128 127 10.1 0.999
Pb(II) 125–250 6.2 0.04 167 172 0.63 0.998
Pb(II) 250–500 9.9 0.05 166 182 0.20 0.985
Pb(II) 500–710 23.5 0.10 206 222 0.19 0.989
Cd(II) 80–125 4.8 0.17 55 53 4.2 0.994
Cd(II) 125–250 8.1 0.06 87 90 1.1 0.996

D

p
A
r
s
t

l

T
I
(

k

Cd(II) 250–500 13.4 0.05 98
Cd(II) 500–710 52.5 0.03 104

eff (m2 min−1); qm,exp (mg metal g−1); qm,calc. (mg metal g−1); k2 (g mg−1 min−1).

seudo-second order rate equation (PSORE, represented in the
dditional Material section, Figs. AM5–AM7) and the model of
esistance to intraparticle diffusion (RID, Crank equation, repre-

ented in Figs. 3–5). Tables 4–6 summarize the parameters of the
wo models.

Note: Some discrepancies can be observed between the equi-
ibrium sorption capacities reported in Table 2 compared to

able 5
nfluence of sorbent dosage (SD, g L−1) on uptake kinetics—Modeling of experimental dat
Crank’s equation) and PSORE model (PS: 250–500 �m; C0: 50 mg metal L−1).

Film diffusion Crank’s equation

Metal SD ksS R2 Deff × 1011

Pb(II) 0.06 0.317 0.948 16.3
Pb(II) 0.12 0.222 0.945 11.9
Pb(II) 0.15 0.227 0.975 9.9
Pb(II) 0.18 0.216 0.979 12.7
Pb(II) 0.24 0.184 0.972 11.0
Cd(II) 0.06 0.316 0.940 14.0
Cd(II) 0.12 0.219 0.949 11.6
Cd(II) 0.15 0.193 0.976 13.4
Cd(II) 0.18 0.174 0.990 9.0
Cd(II) 0.24 0.132 0.983 14.8

sS: min−1; Deff (m2 min−1); qm,exp (mg metal g−1); qm,calc. (mg metal g−1); k2 (g mg−1 min−
99 0.51 0.977
105 0.72 0.994

Tables 4–6, in the case of Cd(II) biosorption. The values obtained
in uptake kinetics were generally higher than the values of the
parameters of the Langmuir equation. It is noteworthy that the

maximum sorption capacity obtained from the Langmuir equa-
tion is a mathematical value approximated by the linearization
of the equation and this may slightly vary compared to experi-
mental values. Additionally, depending on experimental conditions

a with the simplified models of resistance to film diffusion, intraparticle diffusion

PSORE equation

EV qm,exp qm,calc. k2 × 103 R2

0.18 230 256 0.14 0.979
0.17 190 220 0.12 0.898
0.05 166 182 0.20 0.985
0.15 160 169 0.34 0.994
0.03 137 145 0.37 0.995
0.18 107 109 0.71 0.989
0.17 102 106 0.70 0.993
0.05 98 99 0.51 0.977
0.15 93 98 0.60 0.995
0.07 85 89 0.74 0.994

1).
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Table 6
Influence of metal concentration (C0, mg metal L−1) on uptake kinetics—Modeling of experimental data with the simplified model of resistance to intraparticle diffusion
(Crank’s equation) and PSORE model (SD: 0.15 g L−1; particle size: 250–500 �m).

Metal C0 Film diffusion Crank’s equation PSORE equation

ksS R2 Deff × 1011 EV qm,exp qm,calc. k2 × 103 R2

Pb(II) 15 0.184 0.999 4.5 0.07 82 97 0.20 0.974
Pb(II) 30 0.190 0.994 6.4 0.17 129 154 0.14 0.974
Pb(II) 50 0.227 0.976 9.9 0.05 166 182 0.20 0.985
Pb(II) 70 0.230 0.966 13.5 0.03 197 213 0.23 0.994
Pb(II) 100 0.234 0.952 23.1 0.02 223 233 0.38 0.998

Cd(II) 15 0.205 0.996 9.2 0.04 57 63 0.55 0.991
Cd(II) 30 0.242 0.919 15.6 0.02 81 87 0.55 0.994
Cd(II) 50 0.194 0.976 13.4 0.05 98 99 0.51 0.977

k 1 min−

(
p
e
t
l
s
2
t
e
t

F
i
p
i

Cd(II) 70 0.213 0.944 39.3
Cd(II) 100 0.191 0.953 33.5

sS: min−1; Deff (m2 min−1); qm,exp (mg metal g−1); qm,calc. (mg metal g−1); k2 (g mg−

varying metal concentration, changing sorbent dosage) may affect
H variation, which in turn can impact sorption capacity at
quilibrium. In some cases (depending on experimental condi-
ions) the residual metal concentration tended to increase at
ong contact time, this may contribute to a slight decrease of

orption capacity. The sorption isotherms were collected after
4 h of contact, contrary to uptake kinetics that were limited
o the first 6 h of agitation. The combination of these differ-
nt reasons may explain the little discrepancies observed in the
ables.
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ig. 4. Influence of sorbent dosage (g L−1) on Pb(II) (a) and Cd(II) (b) uptake kinet-
cs using C. chamissoi (SD: Influence of sorbent dosage (SD g L−1); PS: 250–500 �m;
H: 4; C0: 50 mg metal L−1; T: 20 ◦C; �: 250 rpm)—Modeling using the resistance to

ntraparticle diffusion equation.
0.02 114 115 1.45 0.998
0.08 114 112 0.74 0.991

1).

3.4.1. Effect of particle size
The particle size is a critical parameter for the kinetics of sorp-

tion processes. Indeed, the size of sorbent influences the external
surface area available for interacting with the solution through the
effect on the resistance to film diffusion. Additionally, the parti-
cle radius may influence the time required for solute to diffuse to
the center of the sorbent particle (resistance to intraparticle diffu-

sion). When the porosity of the material is very small the diffusion
of large solute molecule may be strictly hindered and the sorption
can be limited to external sorbent layers. In this case the sorption
capacity can decrease when increasing the size of sorbent parti-
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Fig. 5. Influence of metal concentration (C0: mg L−1) on Pb(II) (a) and Cd(II) (b)
uptake kinetics using C. chamissoi (PS: 250–500 �m; pH: 4; SD: 0.15 g L−1; T: 20 ◦C;
�: 250 rpm)—Modeling using the resistance to intraparticle diffusion equation.
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les. In the case of C. chamissoi the residual concentration tended
o increase with decreasing particle size (Fig. 3). This is contrary
o the expected trend. A similar decrease of sorption capacity with
ecreasing particle size was also cited in the case of uranyl sorption
sing Catenella repens (a red alga) [15]. Bhat et al. [15] suggested
hat the grinding of the biosorbent to reach small-size particles can
nduce damages to reactive groups that decrease their availability
nd activity. In the case of Pb(II), the decrease in sorption efficiency
eems to be more proportional than in the case of Cd(II), for which
large difference was only observed between PS1 and other sam-
les. The particle size PS3 was used for the investigation of other
arameters.

The intraparticle diffusivity significantly increased with increas-
ng particle size by a factor 4–11 (Table 4). For a homogeneous
orous material the variation would be much lower; in the present
ase this large variation is probably related to the effect of biosor-
ent modification (due to grinding operation as suggested above).
he intraparticle diffusivity for Pb(II) was slightly higher than the
alues obtained for Cd(II). This can be probably explained by the
act that the ionic radius of Pb(II) (i.e., 118 pm) is slightly greater
han the ionic radius of Cd(II) (i.e., 95 pm). The molecular dif-
usivities (D0) for Pb(II) and Cd(II) are 5.67 × 10−8 m2 min−1 and
.31 × 10−8 m2 min−1, respectively [30]. This is about 3 orders of
agnitude higher than the values reached for intraparticle diffu-

ivities. The PSORE model slightly overestimated the equilibrium
orption capacity, especially for Pb(II). The kinetic rate constant
k2) decreased with increasing the size of sorbent particles, espe-
ially for PS1 and PS2 particles, for largest particles the impact of
he size of the sorbent on the kinetic parameter was less marked.

similar trend was observed for the sorption of Hg(II) using two
elps (Lessonia nigrescens and Lessonia trabeculata) [12].

.4.2. Effect of sorbent dosage
Fig. 4 shows the effect of sorbent dosage on the kinetic pro-

les (see also Fig. AM6, in Additional Material section). Obviously,
he variation of sorbent dosage affects the equilibrium concen-
ration. Table 5 reports the coefficients of the kinetic models.
he values of the intraparticle diffusion coefficient varied around
.2 × 10−10 m2 min−1 for Pb(II) and around 1.3 × 10−10 m2 min−1

or Cd(II). It was not possible detecting a clear trend for the evo-
ution of the intraparticle diffusivity when varying the sorbent
osage. The resistance to intraparticle diffusion is controlled by the
orosity characteristics of the sorbent, which are not expected to
ary with sorbent dosage. In some cases, the variation of the sorbent
osage influences the concentration gradient between the solution
nd the internal reactive groups. This could be due to a strong sorp-
ion of the solute at the external sorbent surface; the decrease of
he concentration gradient and of the driving force influence the
ntraparticle diffusion. This is not the case in the present system.
hese experiments were carried out using the PS3 size for which the
orption isotherm was investigated. It is thus possible evaluating
he film diffusion rate (kfS) (see Additional Material section). The
lm diffusion rate decreased with increasing the sorbent dosage
Table 5).

The characteristics of biosorbent particles (apparent density
nd particle porosity, �p and εp) were not determined; it is thus
mpossible calculating the specific outside surface (S) and then
he film diffusion coefficient (kf). In the case of S. fluitans, Leusch
nd Volesky determined the specific characteristics of the biomass
apparent density: 0.53 g mL−1; porosity: 0.43) [37]. These param-
ters were used for approaching the value of the coefficient S

or the different SD values: 3.2, 6.4, 8.0, 9.5 and 12.7 m−1 (for
D: 0.06, 0.12, 0.156, 0.18 and 0.24, respectively) and to deduce
n approximate value of the film diffusion coefficient for both
b(II) and Cd(II). For SD varying between 0.12 and 0.24 g L−1,
he kf coefficient linearly decreased with increasing SD in the
s Materials 185 (2011) 922–929

range 1.4 × 10−5 m min−1 and 3.5 × 10−5 m min−1 for Pb(II) and
between 1.0 × 10−5 m min−1 and 3.4 × 10−5 m min−1 for Cd(II).
For the smallest SD (0.06 g L−1), the value of the coefficient was
much higher (around 9.9 × 10−5 m min−1 for both Pb(II) and Cd(II)).
Though these values must be considered as approximations of kf,
they can be used to compare the respective contributions of the
resistance to film diffusion and to intraparticle diffusion through
the calculation of the Biot number:

Biot number : NBiot = kfr

Deff
(1)

When NBiot � 1 the resistance to film diffusion can be consid-
ered negligible compared to the resistance to intraparticle diffusion
[38]. In the present case, even under the less “favorable” conclusion
(highest Deff and lowest kf), the Biot number exceeded 10. This is
an indication that the intraparticle diffusion resistance will be the
predominant limiting mechanism for both Pb(II) and Cd(II) uptake.

The PSORE model was also applied (Table 5): the sorbent dosage
hardly influenced the k2 coefficient for Pb(II) (varying between
0.12 × 10−3 and 0.34 × 10−3 g mg−1 min−1) and Cd(II) (varying
between 0.51 × 10−3 and 0.74 × 10−3 g mg−1 min−1).

3.4.3. Effect of metal concentration
The uptake kinetics was compared for different initial metal

concentrations (Fig. 5 and Fig. AM7, in the Additional Material sec-
tion). The values of the parameters for the different models are
summarized in Table 6. The film diffusion rate coefficient var-
ied between 0.184 and 0.234 min−1 for Pb(II) and between 0.191
and 0.242 min−1 for Cd(II). The intraparticle diffusion coefficient
increased with metal concentration by a factor 4–5 for Pb(II) and
Cd(II). This effect on the resistance to intraparticle diffusion is prob-
ably due to the positive effect of increasing metal concentration
on the concentration gradient between the solution and the inter-
nal reactive groups. Increasing metal concentration enhanced the
driving force and improved mass transfer. However, the differences
are not very marked. The dependence of the intraparticle diffusion
coefficient on solute concentration has been discussed. Hence, Nes-
tle and Kimmich [39], in the case of metal binding on alginate gels,
correlated the evolution of the intraparticle diffusion coefficient
with metal concentration according to the sorption isotherm. This
dependence of the intraparticle diffusion coefficient with solute
concentration, in the case of a Langmuir-type isotherm, follows the
equation:

Deff (C) = (1 + bC)2

(1 + bC)2 + bqm
D0 (2)

This relationship was verified in the case of Pb(II) using the
equilibrium concentrations for the calculation of the effective diffu-
sivity. The comparison of calculated and experimental intraparticle
diffusivities shows a linear trend:

Dexp . = 0.53 × Dcalc. + 2 × 10−11 (R2 = 0.966) (3)

In the case of Cd(II) it was not possible correlating the intraparti-
cle diffusion coefficient with residual equilibrium concentrations.

4. Conclusion

The biomass of C. chamissoi, a �-carrageenan-rich alga, can be
successfully used for the biosorption of Pb(II) and Cd(II). Maximum
sorption capacities (1.37 mmol Pb g−1 and 0.76 mmol Cd g−1 at pH

4) are comparable to those of brown algae and higher than the
levels reached with the red algae that were previously tested for the
sorption of these metal ions. The preference for Pb(II) over Cd(II)
can be explained by the difference in the higher affinity of sulfated
polysaccharides for Pb(II) (HSAB rules).
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Uptake kinetics is controlled by the resistance to intraparti-
le diffusion. The uptake profiles were also successfully modeled
y the pseudo-second order rate equation. The intraparticle dif-
usivity coefficient was about 3 orders of magnitude lower than
he molecular diffusivity of Pb(II) and Cd(II) in water. The sor-
ent dosage hardly influenced the intraparticle diffusivity and the
seudo-second order rate coefficients. The impact of metal concen-
ration and particle size was a little more marked.

This strong affinity of C. chamissoi, can be used for metal recovery
rom waste streams, but it should be also taken into account for the
roduction of carrageenan. Indeed, C. chamissoi is part of the algae
hat are commercially exploited for the industrial production of this
mportant polysaccharide used in food industry. The growth/collect
f algae in areas submitted to heavy metal discharge may induce
he production of contaminated biopolymers. It is thus important
o analyze the biomass before the extraction of polysaccharides. A
re-treatment (metal desorption) can be necessary using an acidic
reatment [16], or an alkaline treatment depending on the chem-
stry of metals ions and their interaction mode with the biomass.
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