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a b s t r a c t

Gymnogongrus torulosus adsorption efficiency for cadmium(II), copper(II), lead(II) and zinc(II) were stud-
ied in batch mode in different acidic conditions. The adsorbent removal efficiency was determined as a
function of contact time, initial metal ions concentration, pH and temperature. G. torulosus was character-
ized by SEM, water adsorption surface area and EDS. The Langmuir, Freundlich, Dubinin–Radushkevich
and Temkin models have been applied and results showed that the biosorption process was better
described by the Langmuir model. Kinetic experiments demonstrated that fast metal uptakes follow
a pseudo-second-order kinetic model and that intra-particle diffusion and/or chemisorption were the
rate-limiting steps. Experimental results show that G. torulosus isotherm followed the biosorption series,
inetics

etal removal
ymnogongrus torulosus

Cu > Cd ∼ Zn ∼ Pb.
Biosorption capacities were affected by solution parameters. The maximum metal uptake (qmax)

increased with increasing pH. The affinity constant, qmax, and the pseudo-second-order kinetic con-
stants were calculated for the adsorption of all studied metals onto G. torulosus. The Gibbs free energy of
the adsorption process as well as the process enthalpy and entropy were calculated from experimental
results.
. Introduction

The increasing concentration of heavy metals in waters is mainly
ue to effluent discharges from industries. Pollution of natural
aters by metal ions has become a major issue all over the
orld because metal concentrations in waters often exceed the

dmissible values. Consequently, industries are required to dimin-
sh the contents of heavy metals in their effluents to acceptable
evels.

The increasing waste products are forcing scientist to study
ew and alternative technologies to remove trace metals from pol-

uted waters [1] and one of the main goals regarding heavy metals
emoval from waste waters consists in the reduction of these pol-
utants at very low levels [2]
Biosorption, known as the sorption of heavy metals onto bio-
ogical materials, is becoming a potential alternative for toxic

etals removal from waters [3,4] and is a cost effective technology
hat uses readily available biomass from nature [5]. Among many
iosorbents, marine seaweeds are excellent biosorbents for metals

∗ Corresponding author. Tel.: +54 11 4576 3378/80x125; fax: +54 11 4576 3341.
E-mail address: dosantos@qi.fcen.uba.ar (M. dos Santos Afonso).

927-7765/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2010.08.014
© 2010 Elsevier B.V. All rights reserved.

[6]. In recent years, the metal biosorption potential of various red,
green and brown seaweeds were investigated by many researchers
[7–13], and references therein.

Seaweeds have a high bonding affinity with heavy metals
[1,14–20]. Since their cell walls have different functional groups
(such as carboxyl, hydroxyl, phosphate or amine) that can bind to
metal ions [21], they are much more efficient than active carbon
and natural zeolites and, depending on the pH, these groups are
either protonated or deprotonated [22,23].

Many works describing metals biosorption have been pub-
lished [8,24–30]. The advantages of using dried aquatic algae
for metal removal derive from its high efficiency as biosorbents,
easy handling, no nutrient requirements, low costs, and their
availability.

Gymnogongrus torulosus (Rhodophyta) is a seaweed with great
commercial interest in Argentina because it produces carrageenan,
a polysaccharide commonly used in hydrocolloid industries. This
seaweed predominates along the coastal and continental shelf
areas of temperate and cold-water regions. Thus, the present study

was focused on heavy metal removal from aqueous solution by G.
torulosus under different experimental conditions in order to opti-
mize the efficiency of the adsorption process. Equilibrium isotherm
and kinetic models were carried out for a better understanding of
the adsorption process.

dx.doi.org/10.1016/j.colsurfb.2010.08.014
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:dosantos@qi.fcen.uba.ar
dx.doi.org/10.1016/j.colsurfb.2010.08.014
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. Materials and methods

.1. Biosorbent material

G. torulosus were collected in Cabo Corrientes at Mar del Plata
ity, Buenos Aires Province, Argentina. The seaweed was washed
horoughly with deionized water, then dried overnight at 60 ◦C
nd finally stored in desiccators before being used. Afterwards, the
ried seaweed was blended in a homogenizer into finer particles.
stainless steel standard sieve was used to obtain fine particles

0.5–2 mm) of seaweed, which were subsequently used for biosorp-
ion experiments.

The specific surface area was determined by water adsorption at
oom temperature (Sw = 312.2 m2 g−1) [31,32]. Seaweeds particles
ere kept, until a constant weight was attained, in a desiccators

ontaining a saturated solution of Ca(NO3)2·6H2O that ensures a
elative humidity of rh = 0.56.

Dehydrated raw and adsorbed metal samples were fixed to
0 mm metal mounts using carbon tape and spit coated with gold
nder vacuum in an argon atmosphere. The surface morphology of
he coated samples was visualized by a file emission gun scanning
lectron microscope Zeiss (FEG-SEM Zeiss LEO 982 GEMINI) with
ombined energy dispersive X-ray analyzer (EDS) at a voltage of
.0 kV. SEM permitted the identification of interesting structural
eatures on the seaweed surface with EDS. INCA software was used
o determine the elemental composition of the surface before and
fter metal binding.

.2. Metal solutions

All chemicals used were of analytical reagent grade and were
sed without further purification. All solutions and algal sus-
ensions were prepared using Milli-Q water with a resistivity of
8.0 M� cm.

Stock zinc(II), copper(II), cadmium(II) and lead(II) solutions
or the experiments were prepared by dissolving ZnSO4·7H2O,
uSO4·5H2O, Cd(NO3)·4H2O and Pb(NO3) respectively. All solution
oncentrations ranged from 25 to 500 mg l−1 of each metal.

.3. Experimental procedure

.3.1. Batch experiments
The metal sorption performances for Cu(II), Zn(II), Cd(II) and

b(II) in batch mode by G. torulosus were compared. Batch sorp-
ion experiments were performed with 0.1 g of biomass suspended
n 100 ml of Zn(II), Cu(II), Cd(II) or Pb(II) solutions in a concentra-
ion range between 25 and 500 mg l−1 of each metal. Suspensions
ere kept in constant agitation at desired and constant pH and

emperature. Experiments were carried out by triplicate for each
oncentration.

Algal biomass was separated from metal solutions by filtration
ith cellulose nitrate membrane filters (0.22 �m pore). Afterwards,

he final metal concentrations in the filtered solutions were deter-
ined and metal uptake (q) was calculated using the following
ass balance equation [7]

=
[

(Ci − Ceq) × V

m

]
(1)
here Ci is the initial metal concentration (mg l−1 or mM), Ceq the
quilibrium metal concentration (mg l−1 or mM), V the solution
olume (l) and m is the dry seaweeds weight (g).
urfaces B: Biointerfaces 81 (2010) 620–628 621

The dissolved metal removal efficiency (RM, %) by both biosor-
bents was determined by the following equation:

RM =
[

(Ci − Ceq) × 100
Ci

]
(2)

Control experiments were carried out in the absence of adsorbents
in order to find out whether there is any adsorption on the container
walls.

2.3.2. Effect of pH
The pH dependence of metal uptake by G. torulosus was stud-

ied through batch experiments in a pH range from 1 to 6, with
1 g l−1 algae concentration and Pb(II), Cd(II), Cu(II) and Zn(II) initial
concentration of 0.21, 0.45, 0.77 and 0.90 mM, respectively. The
pH range was selected in order to avoid metal (hydr)oxides pre-
cipitation, and to ensure that the decay of metal concentration is
due to adsorption processes. The pH was adjusted using 0.1 M HCl
or 0.1 M NaOH. The biosorption experiments were carried out by
triplicate and there were no significant differences within each trip-
licate. The expressed values represent the average of the obtained
results. Resulting pH was measured using a Metrohm 644 pH-meter
with a combined glass microelectrode.

2.4. Metal quantification

Cadmium(II) and lead(II) concentrations were determined by
atomic absorption spectroscopy (AAS) using a Shimadzu 6800
spectrophotometer with a GF-6501 graphite oven, an ASC-6000
autosampler Hamamatshu and lead(II) and cadmium(II) cathode
lamps.

Zinc(II) concentrations were spectrophotometrically measured
at 620 nm wavelength using Zincon (2-carboxy-2′-hydroxy-5′-
sulfoformacylbenzol) as a chromogenic reagent. Zinc–Zincon blue
complex is formed at pH values between 8.5 and 9.5 [33].

Copper(II) concentrations were spectrophotometrically mea-
sured using 1 g of Sodium Diethyldithiocarbamate (DDTC)
dissolved in ethanol–water 50% (v/v) and H2SO4 (10−3 M), as
reagent [29]. At low pH DDTC forms a yellow complex with cop-
per(II). Absorbance of the corresponding solution was measured at
440 nm.

Absorbance measurements were made with a double beam
UV–vis spectrophotometer Shimadzu-Pharmaspec UV-1700 and a
1 cm path length quartz cuvette.

2.5. Reproducibility and data analysis

Unless otherwise indicated, all data shown are the mean values
from three replicate experiments. Standard deviations were below
5%.

The statistical data analyses were made using the SigmaPlot
software package. SigmaPlot uses the Durbin–Watson statis-
tic to test residuals for their independence of each other. The
Durbin–Watson statistic is a measure of serial correlation between
the residuals. The residuals are often correlated when the indepen-
dent variable is time, and the deviation between the observation
and the regression line at one time is related to the deviation at the
previous time.

3. Results and discussion

3.1. Biosorption kinetics
Equilibrium analysis is fundamental in order to evaluate the
affinity or capacity of a sorbent. However, it is important to assess
how sorption rates vary with aqueous free metal concentrations,
and how rates are affected by sorption capacity or by the sorbent
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Fig. 1. Biosorption kinetics of metal uptake at pH 5.5 and room temperature for ( ):
Cu(II); ( ): Zn(II); ( ): Pb(II) and ( ): Cd(II) biosorbed onto G. torulosus. Solid lines
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second-order model was tested. In this model the rate at which
adsorption sites are covered is proportional to the square of the

T
I
t

ere calculated using binding ligand kinetics model with parameters showed in
able 1.

haracter in terms of kinetics [34]. Fig. 1 shows the four metal
ptakes by G. torulosus versus time at pH 5.5 and room temper-
ture. The initial metal concentrations were 0.99; 0.83, 0.360 and
.350 mM of Zn(II), Cu(II), Cd(II) and Pb(II), respectively. The metal
ptake was calculated using Eq. (1) and increases with the time
f contact, it is relatively fast and in less than 5 h the equilibrium
lateau is reached. Thus, metal uptake was faster for the first 3 h and
fterwards the adsorption rates slowed until attaining equilibrium.

The equilibration time for maximum uptake is reached in less
han 5 h and an equilibration period of 24 h was selected for adsorp-
ion experiments. The time profile of metal uptake is a single,
mooth, and continuous curve leading to saturation, suggesting
he possible monolayer coverage on the surface of the adsorbent.
hree kinetic models, pseudo-first-order, pseudo-second-order
nd intra-particle diffusion were applied in order to interpret the
xperimental results.

.1.1. Kinetic models
The extent of biosorption is only dependent on the initial and

nal equilibrium states. The biosorption rate is dependent on the
ay that the process is performed between the initial and final

teps. Sorption kinetics may be controlled by several independent
rocesses such as transport from the bulk to the surface and chem-

cal binding reactions of the sorbate.

Surface complex formation with metal ions involves the coordi-

ation of metal ions with oxygen donor atoms that constitute the
iomasses cell walls, followed by the release of protons from the

able 1
ntra-particle diffusion, pseudo-first-order and pseudo-second-order kinetic parameters
ration, k1: pseudo-first-order constant, k2: pseudo-second-order constant, kid: intra-part

Me Zn

Pseudo-first-order
qe (mmol g−1) 0.09
k1 (h−1) 0.46
R2 0.139

Pseudo-second-order
qe (mmol g−1) 0.28
k2 (g h−1 mmol−1) 87.83
R2 0.997

Intra-particle diffusion
kid (mmol h−1 g−1) 0.42
R2 0.732
rfaces B: Biointerfaces 81 (2010) 620–628

surface. For example:

SOH + Me2+ kf
�
kb

SOMe+ + H+ (3)

where Me2+ is the concentration of sorbate in solution, SOH is the
sorbent surface site which is susceptible of coordination, SOMe+

is the sorbate concentration on the sorbent at any time, and kf and
kb are the kinetic constants for the forward and backward reaction
steps.

Usually, the transport process in the bulk solution and the film
diffusion through the boundary layer of bioadsorbent are consid-
ered fast processes. Therefore, intra-particle diffusion or chemical
binding reactions are the controlling steps of the adsorption mech-
anism.

3.1.1.1. Pseudo-first-order model. The most widely used kinetic
model for biosorption is a first order reversible kinetic model that
was previously reported by Bhattacharya and Venkobachar [35].
They presented a model based on concentration solution and on
cadmium(II) sorption by establishing a balance between liquid
phase and solid biomass.

The pseudo-first-order kinetics model was applied to many sys-
tems, from organic compounds, such as dyes, to heavy metals
adsorbed on biomaterials, biopolymers or on solid inorganic matri-
ces [36]. This kinetic model is based on a pseudo-first-order rate
expression of Lagergren

ln(qe − qt) = ln qe − k1t (4)

where k1 is the pseudo-first-order sorption rate constant, qe is the
amount of metal ion adsorbed at equilibrium by the biomass and
qt is the amount of metal ion adsorbed at any time t. Both, qe and
qt were expressed in mmol g−1 units. The overall rate constant k1,
in h−1

, was calculated from the slope by plotting ln(qe − qt) versus
t (Table 1). The correlation coefficients using the Lagergren model
obtained at all studied initial concentrations were relatively low,
ranging from 0.1393 to 0.7280 for all studied metals. Moreover,
the experimental qe values did not agree with the calculated data.
This suggests that the adsorption of lead(II), cadmium(II), zinc(II)
and copper(II) onto G. torulosus can not be considered as a pseudo-
first-order kinetic.

3.1.1.2. Pseudo-second-order model. Since the pseudo-first-order
model is not applicable for the understanding of the adsorption
kinetics of heavy metals on G. torulosus biomass, the pseudo-
number of unoccupied sites, and the number of occupied sites
is proportional to the fraction of the metal ion adsorbed. Several
systems respond to a second order kinetics model for sorption

for four metals at room temperature and pH 5.5. qeq: maximum coverage concen-
icle diffusion constant.

Cu Pb Cd

0.08 0.11 0.11
0.35 0.41 0.40

3 0.2040 0.7280 0.6185

0.34 0.17 0.26
71.91 142.19 93.84

2 0.9989 0.9979 0.9991

0.38 0.21 0.32
0 0.9584 0.8918 0.7387
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ig. 2. Pseudo-second-order kinetics model for the biosorption of ( ):
u(II); ( ): Zn(II); ( ): Pb(II) and ( ): Cd(II) onto G. torulosus.

eactions, and are represented by the following equation [36]:

dqt

dt
= k2(qe − qt)

2 (5)

here k2 is the rate of pseudo-second-order adsorption and qe and
t are the amount of metal ion adsorbed at equilibrium and the
mount adsorbed at any time, respectively. The sorption rate can
e calculated as the initial sorption rate when t approaches 0. Inte-
rating and rearranging, the pseudo-second-order equation can be
ritten as:

t

qt
= 1

k2q2
e

+ t

qe
(6)

here k2 is the rate constant of the pseudo-second-order sorption.
The linear plot of t/qt against t was made in order to calculate

he second order rate constant k2 and the equilibrium adsorption
apacity qe from the slope and intercept, respectively, as repre-
ented in Fig. 2.

The solid lines in Figs. 1 and 2 were plotted using the binding
igand model (Eq. (7)) and the pseudo second-order kinetics (Eq.
6)), respectively. The parameters obtained are listed in Table 1.
he binding ligand model is represented by Eq. (7):

= Bmax × t

(k + t)
(7)

Eq. (7) is equivalent to Eq. (6) when Bmax = qe and k2
−1 = k × Bmax.

igs. 1 and 2 and Table 1 show significant agreement between
he experimental and the calculated values. The fitting parame-
ers for both pseudo-first and pseudo-second-order equations are
isted in Table 1. The correlation factors of the pseudo-second-order
inetics model varied between 0.9972 and 0.9991 showing that
seudo-second-order model accurately represents the experimen-
al behavior.

The analysis of the results shows that the correlation factors
btained are not so good for the pseudo-first-order model, while
esults obtained for the pseudo-second-order kinetic model were
ery good. Moreover, the values of qe calculated from the pseudo-
rst-order kinetics are not similar to the experimental values, while
hose calculated from second-order model are in good agreement
ith the experimental values in Fig. 1. Thus, it is clear that experi-

ental data are better fitted by the second order equation than by

he pseudo-first-order equation.
The pseudo-second-order model has already been successful

pplied to the description of Cd(II), Cu(II), Ni(II), Pb(II) biosorp-
ion by different bioadsorbents. The obtained pseudo-second-order
Fig. 3. Intra-particle diffusion kinetics model for the biosorption of ( ):
Cu(II); ( ): Zn(II); ( ): Pb(II) and ( ): Cd(II) onto G. torulosus.

kinetic parameters are in accordance with those found in the liter-
ature [34,36–38].

3.1.1.3. Intra-particle diffusion model. The surfaces of an algae cell
or a mineral particle suspended in water have interface boundaries
that are characterized by a discontinuity of certain parameters such
as density and chemical composition. The intrinsic adsorption is
often faster than the transport to the interface. The thickness of the
boundary layer surrounding the particle should be minimal when
agitation speed will be fast enough and boundary layer resistance
or film diffusion should not be a rate-controlling step.

The rate constant for intra-particle diffusion (kid) is given by

qt = kid(t)1/2 (8)

where kid is the internal diffusion coefficient, qt the amount of
metal adsorbed at time t and t the sorption time. Plots of q ver-
sus t1/2 for lead(II), cadmium(II), zinc(II) and copper(II) are shown
in Fig. 3. From this figure, an initial steep-sloped portion at intra-
particle diffusion is seen, followed by the plateau at equilibrium.
The initial segment of the curve with a sharp slope (from 0 to 1 h) is
attributed to surface adsorption, where the intra-particle diffusion
is the rate-controlling step followed by a plateau that corresponds
to equilibrium. The intra-particle diffusion rate was obtained from
the slope of the linear part of the curve.

The correlation coefficients were not so good (R2 values ranged
from 0.7320 to 0.9584, see Table 1). The straight lines obtained
in the linear portion of the plot did not pass through the origin,
indicating that pore diffusion was not the only controlling step.
This deviation from the origin may be due to the difference in the
rate of mass transfer in the initial and final stages of adsorption.
This indicates some degree of boundary layer control and further
show that the intra-particle diffusion was not the only rate-limiting
step, chemical binding may also control the rate of sorption, or both
process may operate simultaneously.

The correlation coefficients for the pseudo-second-order kinetic
model are greater than those for the intra-particle diffusion model
(Table 1), suggesting a chemical reaction mechanism [39]. This
would indicate that the metal cations sorption is a complex mix
of surface chemisorption occurring on the boundary layer of the
algal particle and intra-particle diffusion.
3.1.1.4. Temperature effect. Temperature can influence the sorp-
tion process rate. An increase in temperature from 7 to 25 ◦C at
pH 5.5 increases the pseudo-second-order kinetic constant by a
factor of 2.1, 17.3, 13.6 and 10.5 for lead(II), cadmium(II), zinc(II)
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nd copper(II), respectively. Increasing the temperature from 25
o 55 ◦C decreases the pseudo-second-order kinetic constant by a
actor of 0.1, 0.2 and 0.6 for lead(II), cadmium(II) and copper(II),
espectively, and increases the constant by a factor of 1.1 for zinc(II)
robably caused by a change in the texture of the sorbent and a loss

n the sorption capacity due to material deterioration [5].

.2. Sorption models

Adsorption isotherms are important criteria in optimizing the
se of adsorbents materials because they describe the nature of
he interaction between sorbate and adsorbent. Thus, analysis of
xperimentally obtained equilibrium data by either theoretical or
mpirical equations is useful for practical design and operation of
dsorption systems.

There are a great number of expressions that describe
dsorption isotherms. Here the Langmuir, Freundlich,
ubinin–Radushkevich and Temkin models were applied to

he equilibrium data.

.2.1. Langmuir adsorption isotherms
The Langmuir isotherm is a well-known model that indicates a

eduction of the available interaction places as the metal ion con-
entration increases. The Langmuir isotherm assumes monolayer
dsorption and is determined by the following equation:

= qmax × KL × Ceq

(1 + KL × Ceq)
(9)

here qmax is the maximum metal uptake (in mg g−1 or mmol g−1),
eaning the maximum concentration on the solid phase, Ceq is the
etal concentration at the equilibrium on the aqueous media and

L is the Langmuir equilibrium constant which is related with the
ree energy of the reaction.

Copper(II), zinc(II), cadmium(II) and lead(II) adsorption
sotherms for G. torulosus are presented in Fig. 4. The Langmuir
sotherm, Eq. (9), was applied to estimate seaweed adsorption
apacity. The Langmuir parameter and the correlation factor for
he four metals are indicated in Table 2. Affinity between sorbent
nd sorbate are represented by the constant KL. In general good
iosorbents have a high qmax and a high KL. G. torulosus have high
aturation (qmax) for all metals studied, except for lead(II). The
aximum coverage, qmax, follow the sequence Cu > Cd > Zn > Pb.

The solid lines in Fig. 4 where plotted with the Langmuir model

pplied to metal uptake during the sorption process. The calculated
ines and the experimental data match very well. The maximum
dsorption capacities are one order in magnitude higher than those
isted in [40] for different biosorbents.

able 2
itting parameters for Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm

Me Langmuir
q = qmaxKLCe

(1+KLCe)

qmax (mmol g−1) KL (l mmol−1) R2

Zn 0.68 ± 0.056 1.93 ± 0.39 0.90
Cu 0.81 ± 0.037 4.40 ± 0.88 0.97
Pb 0.68 ± 0.23 0.90 ± 0.40 0.92
Cd 0.66 ± 0.021 3.18 ± 0.32 0.99

Me Temkin
q = B × ln KT + B × ln Ce

KT (l mg−1) B (mg g−1) R2

Zn 0.309 9.31 ± 1.86 0.8333
Cu 0.938 9.65 ± 1.29 0.9168
Pb 0.200 16.2 ± 3.9 0.7685
Cd 0.357 14.1 ± 1.1 0.9703
Fig. 4. Adsorption isotherms at pH 5.5 for G. torulosus, ( ): Cu(II); ( ):
Zn(II); ( ): Pb(II) and ( ): Cd(II). Solid lines were calculated using Langmuir model.

3.2.2. Freundlich adsorption isotherms
The Freundlich isotherm assumes a heterogeneous surface with

a nonuniform distribution of heat of adsorption over the surface.
Thus the Freundlich model describes the adsorption on an energet-
ically heterogeneous surface on which the adsorbed molecules are
interactive. This isotherm is represent by Eq. (10)

qe = KF × C1/n
eq (10)

where KF is the Freundlich constant indicating adsorption capacity
and 1/n is the adsorption intensity. Linear regression analysis was
used for isotherm data treatment. The linear form of the Freundlich
isotherm used was

ln qe = ln KF +
(

1
n

)
× ln Ceq

The values of KF and 1/n were calculated from the intercept and
slope of the plot between ln qe versus ln Ceq. KF, 1/n and the corre-
lation coefficient (R2) values of the Freundlich isotherm are given
in Table 2.

For all cases, the Langmuir equation fits the experimental data

better than the Freundlich equation. This isotherm does not pre-
dict any saturation of the adsorbent by the sorbate. Instead, infinite
surface coverage is predicted, indicating multilayer sorption on the
surface.

equations.

Freundlich
q = KFCe

1/n

KF × 10−03 1/n R2

80 6.89 0.41 ± 0.09 0.8013
16 9.12 0.40 ± 0.07 0.8648
26 12.51 0.54 ± 0.08 0.9035
04 12.81 0.49 ± 0.10 0.8364

Dubinin–Radushkevich
ln q = ln qmax − ˇεo

2

qmax (mmol g−1) −ˇ × 10−04 R2

0.504 88.0 ± 15 0.8618
0.611 7.0 ± 1 0.8609
0.164 2.0 ± 0.05 0.6470
0.403 7.0 ± 1 0.8345
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Table 3
Thermodynamics parameters for the adsorption of Zn(II), Cu(II), Pb(II) and Cd(II) on G. torulosus at pH 5.5 and room temperature.

Me Langmuir Temkin Dubinin–Radushkevich Thermodynamic parameters

�Gads (kJ mol−1) b (J mol−1) �Gads (kJ mol−1) E (kJ mol−1) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1)

54
73
00
73

3

t
o
m
a
o

l

w
q
ˇ
t

ε

w
a
T
s
p
s
h
p
s

t
e
m
a

E

t

i
s
t
t

Zn −18.74 266 −24.56 7.
Cu −20.78 257 −27.24 26.
Pb −16.86 153 −26.33 50.
Cd −19.98 175 −26.26 26.

.2.3. Dubinin–Radushkevich adsorption isotherms
Dubinin and Radushkevich proposed a well-liked equation for

he analysis of isotherms in order to determine if the adsorption
ccurred by a physical or chemical process. The D–R equation is
ore general than the Langmuir model because it does not assume
homogeneous surface, a constant sorption potential nor absence
f steric hindrance between adsorbed and incoming particles

n qe = ln qmax − ˇε2 (11)

here qe is the amount of metal cations adsorbed per g of biomass,
max represents the maximum sorption capacity of the adsorbent,
is a constant related to sorption energy (D–R constant) and ε is

he Polanyi sorption potential calculated by Eq. (12)

= RT ln

(
1 + 1

Ceq

)
(12)

here R is the gas constant 8.314 J mol−1 K−1, T is the temper-
ture in Kelvin and Ceq is the metal equilibrium concentration.
he Polanyi sorption approach assumes a fixed volume of sorption
pace close to the adsorbent surface and the existence of sorption
otential over these spaces. The sorption space in the vicinity of a
olid surface is characterized by a series of equipotential surfaces
aving the same sorption potential. This sorption potential is inde-
endent of the temperature but varies according to the nature of
orbent and sorbate.

The values of ˇ and qmax were calculated from the slope and
he intercept of the plot of ln qe versus ε2 (Table 2). The mean free
nergy of sorption per molecule of sorbate required to transfer one
ole of ion from the infinity in the solution to the surface of biomass

nd can be determined by the following Eq. (13)

= (−2ˇ)−1/2 (13)

The Dubinin–Radushkevich constants calculated for the adsorp-
ion by G. torulosus of all metals studied are shown in Table 2.
All energy values obtained (Table 3) have E > 8 kJ mol−1, which
ndicate that all metal cation adsorptions were chemical processes,
ince a physical adsorption process has an E < 8 kJ mol−1. The sorp-
ion capacity was lower than the sorption capacity calculated using
he Langmuir model, which may be attributed to different assump-

Fig. 5. G. torulosus Scanning Electron Microscopy (SEM) at diffe
−10.44 28 129
−15.64 −33 −59
−15.25 −24 −32
−15.65 −23 −25

tions taken into consideration. From comparing the correlation
coefficient values, it was concluded that the sorption of lead(II), cad-
mium(II), zinc(II) and copper(II) onto G. torulosus biomass followed
the Langmuir model.

3.2.4. Temkin adsorption isotherms
The Temkin isotherm is represented by the following equation:

qe = RT

b
ln(kTCe) = B ln(kTCe) (14)

where constant B = RT/b is related to the heat of adsorption, R is
the universal gas constant (J mol−1 K−1), T is the temperature (K), b
is the variation of adsorption energy (J mol−1) and KT is the equi-
librium binding constant (l mg−1) corresponding to the maximum
binding energy. The Temkin isotherm assumes that the heat of
adsorption of all the molecules in a layer decreases linearly due
to adsorbent–sorbate interactions and that adsorption is charac-
terized by a uniform distribution of binding energies, up to some
maximum binding energy. A plot of qe versus ln Ce makes possi-
ble the determination of the isotherm constants B and KT from
the slope and the intercept, respectively. The calculated values for
Temkin parameters are shown in Table 2. The correlation factors
show that the Langmuir model approximation to the experimen-
tal results is better than the Temkin model. Consequently, among
the four isotherm models used, the Langmuir model offers the best
correlation factors.

Experimental results show that G. torulosus isotherm follows the
biosorption series, Cu > Cd ∼ Zn ∼ Pb, while the sequence obtained
for KL values (Table 2) is Cu > Cd > Zn > Pb. These results show that
copper has the highest affinity for cell wall functional groups.

Studies carried out using Sargassum fluitans showed a decrease
in metals uptake when carboxylic groups – COO – are blocked due to
esterification processes [41]. Similar results were also obtained for
carboxyl groups of fresh water biomass such as Chlorella pyrenoi-
dosa and Cyanidium caldarium [42]. The hydroxyl groups are also

present in all polysaccharides but they are less abundant at low pH
values, increasing their contribution to metallic cation adsorption
at basic pH.

Scanning electron microscope (SEM) images were used for the
surface analysis of G. torulosus as shown in Fig. 5. The SEM images

rent magnification (A: 1000× and B: 5000×) and 5.0 kV.
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Fig. 6. EDS images for G. torulosus: (A) before treatment, (B), (C), (D) and (E) after
the adsorption of Zn, Cu, Cd and Pb respectively
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ere taken by applying 5 kV voltage with different magnification
imes for the clarification of surface. These figures demonstrate the
brous superficial structure of the algal biomass surface where the
etal cations could be adsorbed. The EDS images for the seaweed

efore and after adsorption are presented in Fig. 6 and show the
etal cations adsorbed on the algae surface.
Biosorbent capacity has been mainly attributed to properties of

he cell wall, a structure of fibers absorbed in an amorphous matrix
f polysaccharides. G. torulosus contain cellulose in the inner cell
all with the outer cell wall consisting of an amorphous embedding
atrix [43] that is made by xylans and several sulfated galactans

ncluding agar and carrageenan. The polysaccharides are important
omponents of the cell wall and they can either coexist in it or be
art of the intracellular or extracellular polymeric substances con-
aining ionisable functional groups such as carboxyl, phosphoric,
mine, and hydroxyl groups [43]. These functional groups represent
otential binding sites for the sequestration of metal ions [43,44].
hey can constitute up to 40% of the dry matter and have a great
ffinity for divalent cations [45]. Also, the incorporation of trivalent
ations has been attributed to the presence of sulfated polysac-
harides [46]. Therefore the differences in zinc(II), cadmium(II),
opper(II) and lead(II) biosorption can be attributed to the polysac-
harides present in the algae cellular walls probably because these
rganic compounds may have different affinities for each metal.

Stumm and Morgan [47] have suggested that for alkaline and
lkaline earth metals the tendency of cations to be adsorbed
ncrease with the ionic radius of the ion. Copper and zinc sequences
lso follow the Irving–Williams order that may be explained by
onsidering factors such as effective nuclear charge, ionic radii, lig-
nd field stabilization, and the Jahn–Teller effect. Essentially, the
2 oxidation state complexes of the first transition series become
ore stable as the size of the metal ion decreases, although there

re other effects arising from crystal/ligand field theory. Coordi-
ation complexes stability increases from calcium to copper and

urthermore decreases with zinc, indicating that the coordination
omplexes of zinc are less stable than copper complexes. The ten-
ency to form surface complexes, such as those formed between
eaweeds and metals, may be compared with the tendency to form
orresponding inner-sphere solute complexes [47]. When the rela-
ion between KL and the aqueous metal sulfate complex formations
s compared a simultaneously growth is found. Instead, for hydroxyl
roups the surface metal complex formations constants follow
n inverse behavior compared with the aqueous metal hydroxyl
omplex formations constants. These results indicate that sulfated
roups are the main coordination centers on cell walls.

.2.5. Thermodynamic study
Thermodynamic parameters were calculated to confirm the

dsorption nature of the present study. The thermodynamic con-
tants, free energy change (�G◦), enthalpy change (�H◦) and
ntropy change (�S◦) were calculated to evaluate the thermody-
amic feasibility of the process and to confirm the nature of the
dsorption process.

The Gibbs adsorption process, free energy, as well as, the
nthalpy process was calculated from experimental results using
he following equations

G◦ = −RT ln K and �G◦ = �H◦ − T�S◦

here R is the universal gas constant (8.314 J mol−1 K−1), T is the
emperature in Kelvin and K is the equilibrium constant, calculated

s the surface and solution metal distribution ratio (K = qe/Ce). All
alues obtained are summarized in Table 3. The �G◦ values cal-
ulated are close to those obtained using the Langmuir affinity
onstant and differ from those obtained using the Temkin model
onstants. Negative values of �H◦ suggest the exothermic nature
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ig. 7. G. torulosus biosorption experiments as function of pH, ( ): Cu(II); ( ):
n(II); ( ): Pb(II) and ( ): Cd(II).

f the adsorption and the negative values of �G◦ indicate the spon-
aneous nature of the adsorption process. However, the negative
alue of �G◦ decreases with an increase in temperature, indicating
hat the spontaneous nature of adsorption is inversely proportional
o the temperature. The negative values of �S◦ show the decrease
n randomness at the solid/solution interface during the adsorption
rocess.

.3. Metal recovery

G. torulosus removal efficiencies, at pH 5.5 and room temper-
ture, are 74.28%, 48.57%, 42% and 27.27% for Cd(II), Pb(II), Cu(II)
nd Zn(II) respectively. The recovery values stated in this study
re higher than the values reported in literature for other biomass
aterials [10,11,20]. This is probably due to the differences on

he cell wall structure attributed to the polysaccharides present in
he G. torulosus cellular walls that have different affinities for each

etal as was mentioned before.

.4. Influence of pH

The influence of solution pH on G. torulosus biosorption capacity
as studied (Fig. 7) in a series of batch biosorption experiments.
. torulosus shows a similar behavior for all metal biosorptions
etween the pH ranges studied. Lead biosorption exhibits a slight
ependence on pH. Both zinc(II) and copper(II) have a similar pro-
le with a higher dependence on pH, while cadmium shows a
oderate pH dependence.
Initial solution pH plays a significant role on metal biosorption,

ith maximum uptake at pH values above 5. In acidic conditions,
he functional groups of the cell walls are protonated, which means
hat the majority of the binding sites are occupied by protons there-
ore decreasing the seaweed metal biosorbent capacity.

Metal biosorption dependence on pH is also related to the chem-
cal speciation of the metals in solution.

The typical metal sorption dependence on pH suggests that car-
oxilic groups of algae cell walls are the most probable adsorption
ites. These algae cell wall functional groups play an important role
n metal binding at different pH conditions [48].
. Conclusions

Experimental evidence suggests that the biomass of G. torulosus
ould be used as an efficient biosorbent for the removal of Zn(II),
u(II), Pb(II) and Cd(II) ions. The initial pH significantly influenced

[

[

urfaces B: Biointerfaces 81 (2010) 620–628 627

metal uptake. Biosorption kinetics follows a pseudo-second-order
model. Experimental data were analyzed using Langmuir, Fre-
undlich, Dubinin–Radushkevich and Temkin isotherm models and
it was found that the Langmuir model presented a better fit.
SEM–EDS confirmed the presence of Zn(II), Cu(II), Pb(II) and Cd(II)
ions on the biomass surface. Temperature affects the biosorption
process and the thermodynamic parameters show the sponta-
neous character of the sorption reaction. All energy values obtained
are higher than 8 kJ mol−1, which implied that Zn(II), Cu(II), Pb(II)
and Cd(II) were mainly adsorbed chemically onto the seaweed.
The results suggest that the differences in the metal adsorption
behavior are due to the different metal affinities to the cell wall
polysaccharides.

Removal of heavy metal ions, in particular Pb(II) and Cd(II),
by G. torulosus seems to be an efficient and low cost alternative
technology to be considered in industrial effluent treatment. The
development of this technology for polluted effluents purification
would likely increase seaweed demand and consequently increase
the economies of the countries that produce this good.
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