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ABSTRACT

The aim of this investigation was to study the potential of red seaweed Kappaphycus
alvarezii for the removal of Cu(II), Ni(II), Cd(II) and Pb(II) from aqueous solutions. The
mechanism of biosorption was identified as the interaction of positively charged metal
ions and negatively charged functional groups on the surface of K. alvarezii through FTIR
and SEM analysis. Owing to the above mechanism, the biosorption capacity of red sea-
weed was significantly affected by solution pH. Biosorption isotherms obtained at pH 4.5
indicated that K. alvarezii provided higher uptake for Pb (0.51mmol/g), followed by Cd
(0.48mmol/g), Cu (0.47mmol/g) and Ni (0.38mmol/g). The reason for varied affinity of
a biosorbent towards a particular metal ion was correlated with its atomic weight, ionic
radius and electronegativity. Of the different isotherm models (Langmuir, Freundlich, Toth
and Sips), the Toth model better predicted experimental isotherm data with high correla-
tion coefficients and low % error values. Kinetic studies indicated that the rate of metal
removal by K. alvarezii was high with 90% of the process completed within 45min.
Desorption experiments with different elutants (0.01M NaOH, 0.1M NaOH, 0.01M HCl
and 0.1M HCl) revealed that maximum desorption of all metal ions from metal-loaded K.
alvarezii can be achieved with 0.01M HCl.
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1. Introduction

In recent years, industry and government have
become increasingly aware of the need to clean-up
industrial wastewaters and reduce point-source pollu-
tion. Among different pollutants, the presence of
heavy metals in wastewater is of serious concern as
they are non-biodegradable and cause serious health
issues. Many industries, especially plating, painting,
leather and mining industries generate large quantities

of wastewater containing various concentrations of
heavy metals. These wastewaters are to be treated
prior to discharge due to the toxicity of heavy metals.
The conventional approaches for removing or recover-
ing heavy metals from wastewaters, such as precipita-
tion, oxidation/reduction, activated carbon adsorption,
ion-exchange, evaporation and electrochemical pro-
cesses were identified to possess either of the follow-
ing constraints, including high cost, incomplete
removal, low selectivity, high energy consumption
and generation of toxic slurries [1]. Hence, there is an
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urgent need to find alternative cheap and efficient
technologies to substitute the existing processes for
treatment of metal-bearing wastewaters.

Biosorption is an alternative technology to remove
heavy metals from wastewaters. The process involves
a solid phase (biosorbent with favourable functional
groups) and a liquid phase (solvent containing dis-
solved sorbate species). Due to higher affinity of the
sorbent for the sorbate species, the latter is attracted
and bound to the sorbent through various mecha-
nisms. The process continues till equilibrium is estab-
lished between the amount of solid-bound sorbate
species and its portion remaining in the solution. Of
the different mechanisms, metal sorption by
biosorbents occurs via ion-exchange, complexation,
coordination, chelation, micro-precipitation and/or
combination of these mechanisms [2]. Different biosor-
bents such as inactive/dead bacteria [3], fungi [4],
algae [5], yeast [6] as well as agricultural [7] and
industrial [8] wastes have been widely used for the
removal of heavy metal ions. The feasibility of using
inactive/dead seaweeds as potential biosorbents for
heavy metals has been studied widely in recent years
[9–11], as the process offers several advantages
including low operating cost, continuous availability
of biosorbent, high performance and reusability of bio-
sorbent in multiple cycles. In particular, brown sea-
weeds have been extensively studied for heavy metal
ions [12]. However, other types such as red and green
seaweeds have been less focussed in biosorption
research. Among few biosorption studies using red
seaweeds, Hashim and Chu [13] reported that among
different seaweed species examined for Cd biosorp-
tion, the red seaweed (Gracilaria salicornia) exhibited
lowest uptake of 0.16 mmol/g. Vijayaraghavan et al.
[14] identified that brown seaweeds (Sargassum wightii
and Sargassum illcifolium) outperformed red seaweeds
(Gracilaria edulis and Geledium sp.) in Co(II) and Ni(II)
biosorption. The cell wall composition is portrayed as
the main reason for poor biosorption potential of red
seaweeds [14,15]. In contrast to alginate in brown sea-
weed, the cell wall of red algae is mainly composed of
carrageenans and agar [16]. However, the mediocre
biosorption potential was based on only few species of
red seaweeds and additional research should be per-
formed to elucidate the potential of other types of red
seaweeds.

Therefore, this research focussed on using a new
red alga (Kappaphycus alvarezii) for the biosorption of
Cu(II), Ni(II), Cd(II) and Pb(II) ions. Kappaphycus spe-
cies are among the largest tropical red algae, with a
rapid growth rate [17]. Even though the algae has
commercial applications, the high growth rate, plastic
morphology and extremely successful vegetative

regeneration make Kappaphycus species a potentially
destructive invasive in many parts of world oceans.
Thus, an alternative application for K. alvarezii is desir-
able. The present research also provides insights into
the binding mechanism responsible for the removal of
heavy metal ions by K. alvarezii and identifies the
major parameters affecting its biosorption.

2. Materials and methods

2.1. Red algae collection and metal solute preparation

Samples of K. alvarezii were collected from the
Mandapam (9˚16´47´´N 79˚7´12´´E) region of Tamil
Nadu, India. The seaweed biomass was washed with
de-ionized (DI) water and then dried under the sun
for 2 d. The dried seaweed biomass was then
grounded to an average particle size of 0.75mm.

Stock solutions (10mmol/L) of Cu(II), Ni(II), Cd(II)
and Pb(II) were prepared using Cu(NO3)2·3H2O, Ni
(NO3)2·6H2O, Cd(NO3)2·4H2O and Pb(NO3)2, respec-
tively. The desired concentrations were obtained by
the dilution of stock solution with DI water during the
course of experiment.

2.2. Procedure for metal biosorption experiments

All experiments were conducted using 250mL
Erlenmeyer flasks at 32 ± 1˚C in an incubated shaker.
In each flask, 0.2 g of K. alvarezii was amended with
100mL of one of the four metal ions (Cu(II), Ni(II), Cd
(II) and Pb(II)) in appropriate concentration ranges.
The contents of the flask were agitated in an incubated
rotary shaker at 160 rpm for 4 h. The pH of metal solu-
tion was initially adjusted and maintained using 0.1M
HCl or NaOH. After equilibrium, the suspension was
filtered using 0.45 μm PTFE membrane filter and the
supernatant was analysed for metal concentrations
using inductively coupled plasma-optical emission
spectrometry (ICP-OES, Perkin Elmer Optima 5300
DV). The pH edge experiments were conducted at dif-
ferent pH conditions (pH 2.5–5) at fixed initial metal
concentration of 1 mmol/L. In contrary, isotherm
experiments were conducted at optimal pH of 4.5 by
varying initial metal concentrations (1–10mmol/L).
Kinetic experiments were conducted at pH 4.5 and
initial metal concentration of 1mmol/L. Samples of
0.1 mL each were drawn from the mixture at
pre-determined time intervals to generate kinetics
data.

The amount of metal biosorbed by K. alvarezii was
calculated from the difference between the metal
quantity added to the biomass and the metal content
of the supernatant using the following equation,
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q ¼ VðC0 � CeÞ=M (1)

where q is the amount of the metal adsorbed (mmol/
g), V is the volume of metal solution (L), C0 and Ce

are the initial and equilibrium metal concentrations in
the solution (mmol/L), respectively, and M is the
mass of biomass (g). After completion of biosorption
experiments, the metal-loaded K. alvarezii was filtered
and exposed subsequently to different elutant solu-
tions in the Erlenmeyer flask. To achieve high concen-
tration factor, only 50mL of elutant solution was
employed. The contents were agitated at 160 rpm for
1 h. After filtration, the metal content in the superna-
tant was determined using ICP-OES. The desorption
efficiency was determined from the ratio of the mass
of metal ion in solution after desorption to the mass of
metal ion initially bound to the biosorbent.

Isotherm and kinetic model parameters were eval-
uated by non-linear regression using SigmaPlot (ver-
sion 4.0, SPSS, Chicago, IL). The average percentage
error between the experimental and predicted values
is calculated using:

e ð%Þ ¼
PN

i¼1 ðqexp;i � qcal;i=qexp;iÞ
N

� 100 (2)

where qexp and qcal represent experimental and calcu-
lated metal uptake values, respectively, and N is the
number of measurements.

2.3. Biomass characterization study

The mechanism of metal removal by K. alvarezii
and the involvement of functional groups were deter-
mined using a Bruker-ATR IR (ACPHA) Fourier
Transform IR spectrophotometer (Germany). The sam-
ples were prepared in the form of pellets using KBr.
To understand the algal surface morphology and sorp-
tion removal mechanism of K. alvarezii, the samples
before and after adsorption of metal ions were dried,
coated with thin layer of gold and subsequently ana-
lysed using scanning electron microscopy (Hitachi
S4800, Japan).

3. Results and discussion

3.1. pH edge studies

Solution pH plays a vital role in deciding the maxi-
mum biosorption potential of any biosorbent. It affects
the surface charge of the sorbent, the degree of ioniza-
tion and speciation of the surface functional groups
and metal ions [18]. Therefore, metal removal as a

function of equilibrium pH was studied first and the
results are shown in Fig. 1. It was clear that %
removal of all metal ions by K. alvarezii increases with
increase in pH from pH 2.5 to 4.5 and thereafter
decreases with further increase in equilibrium pH.
This behaviour can be explained on the basis of bio-
mass functional groups and speciation of metal ions at
different pH conditions. The cell wall of red seaweed
mainly composed of polysaccharides such as carrag-
eenans and agar. Carrageenan consists of alternating
3-linked-β-D-galactopyranose units, while the gelling
hydrocolloid agar is mainly comprised of L-rather than
D-3,6-anhydro-α-galactopyranose units [16]. Among
different functional groups, carboxyl and sulphonate
groups are prevalent [19] in polysaccharides of red
seaweed. At low pH (acidic) values, these negatively
charged functional groups are protonated with H+

ions and hence may not able to accommodate posi-
tively charged target metal ions (Cu2+, Ni2+, Cd2+ and
Pb2+). As the pH increases, the concentration of H+

ions decreases and positively charged target metal
ions can interact with the negatively charged binding
sites of K. alvarezii. The speciation of heavy metal ions
is also strongly influenced by pH. At acidic pH values
(pH ≤ 5), all the examined heavy metal ions exists in
their divalent form. At pH values greater than 5, pre-
cipitation occurs for some heavy metal ions such as
lead and thus experiments were not conducted
beyond pH 5.

Analysing the results of Fig. 1, it can inferred that K.
alvarezii biosorbed more Pb2+, followed by Cd2+, Cu2+

and Ni2+. The affinity of a biosorbent towards a particu-
lar metal ion can be correlated with its atomic weight,
ionic radius and electronegativity [20]. The atomic
weight is in the order of Pb (207.2) > Cd (112.4) > Cu
(63.5) > Ni (58.7). In contrary, electronegativity
decreases in the order of Pb (2.33) >Ni (1.91) > Cu (1.9)
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Fig. 1. Influence of equilibrium pH on metal uptake
capacity of K. alvarezii (temperature = 32 ± 1˚C).
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>Cd (1.69). In the case of ionic radii, Pb (133) > Cd (109)
> Cu (87) >Ni (83). The experimental uptakes at opti-
mum pH 4.5 were in the order of Pb (0.18mmol/g) > Cd
(0.17mmol/g) > Cu (0.15mmol/g) >Ni (0.13mmol/g).
Thus, a clear correlation was obtained between the
extent of metal ions biosorbed and properties of metals
(atomic weight and ionic radii). Even though electroneg-
ativity of Cd found to be least compared to other metals
examined, the atomic weight and ionic radii favoured
Cd to be biosorbed more than Cu and Ni.

3.2. Characterization of K. alvarezii

FTIR spectroscopy analysis has widely been used
in sorption studies to detect vibrational frequency
changes in sorbent and allows identification of func-
tional groups responsible for the removal of metal
ions. In the present study, the assignment of FTIR
spectroscopy peaks to the specific functional groups is
based on previous reports [21,22]. Seaweeds have been
evaluated to be comprised of several chemical groups
including carboxyl, amino, sulphonate, and hydroxyl.
Fig. 2 illustrates the FTIR spectra of virgin seaweed
along with metal-loaded K. alvarezii. It was obvious
that virgin K. alvarezii displayed a number of absorp-
tion peaks, indicating the complex nature of the bio-
sorbent. The virgin seaweed displayed peaks at 3,368
cm−1 (–OH, –NH stretching), 1,634 cm−1 (asymmetric
C=O stretch of COOH), 1,424 cm−1 (symmetric C=O),
1,377 cm−1 (asymmetric –OSO3), 1,215 cm−1 (C–O
(COOH) stretch), 1,134 cm−1 (symmetric –OSO3) and
1,024 cm−1 (C–O (alcohol) band). Significant changes in
biomass functionalities were visible after exposure to
metal ions (Fig. 2). This is due to the displacement of
natural ionic species on the biomass surface by the
metal ions of interest which causes changes to the
observed wave numbers. Biomass carboxyl played a

major role in metal binding as shown by changes in
peak wave numbers. In particular, major shifts were
observed with asymmetric and symmetric C=O and
C–O stretches in metal-loaded samples of K. alvarezii
compared to virgin K. alvarezii (Table 1). Similarly,
involvement of sulphonate groups was also confirmed
as significant shifts were identified with symmetric
and asymmetric –OSO3 bands in comparison with vir-
gin K. alvarezii (Table 1). The results confirmed the
involvement of acidic functional groups (carboxyl and
sulphonate) in binding of heavy metal ions.

Fig. 3 shows the SEM images of virgin and
Pb-loaded K. alvarezii. The surface of virgin K. alvarezii
was found to comprise protuberances and microstruc-
tures, which may be due to sodium and other salt
crystalloid deposition [23]. After biosorption, the sur-
face of K. alvarezii appeared flat in comparison to the
virgin seaweed sample for all metal ions examined.
The samples were also exposed to EDX analysis
(Fig. 3). In virgin seaweed sample, strong Na and K
peaks were observed. These ions were acquired by K.
alvarezii from seawater. In Pb-loaded K. alvarezii
sample, strong peaks of Pb were observed. Also from
Fig. 3(b), it is interesting to note that Na peaks
disappeared and the intensity of K peaks decreased
when compared to virgin seaweed sample, indicating
that ion-exchange is the mechanism of metal removal
in which light metal ions were exchanged with metal
ion of interest during biosorption. Similar results were
obtained for other metal ions (Figures not presented).

3.3. Time course of metal uptake by K. alvarezii

Fig. 4 shows the biosorption kinetics for Cu, Ni,
Cd and Pb. Biomass of K. alvarezii enabled rapid
removal of all examined metal ions under the experi-
mental conditions. Within 45min, 90% of total
removal was achieved by K. alvarezii for all metal ions.
This initial rapid phase was followed by relatively
slow phase which eventually resulted in attainment of
equilibrium, as evidenced by a plateau, at 120min.
Consequently, a contact time of 4 h was chosen for
establishing the biosorption isotherms. The initial
quick phase (up to 45min) can be attributed to the
presence of excessive vacant binding sites for biosorp-
tion during early stages, which can be occupied by
metal ions. As the time progresses, the occupation of
remaining vacant sites would be difficult because of
the repulsive forces between the solute molecules on
the solid and bulk phases [24]. On comparing the rates
at which K. alvarezii biosorbed four metal ions, no
significant differences were observed (Fig. 4). Never-
theless, the quantities of metals sorbed were different
for each metal ion.
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Fig. 2. FTIR spectra of virgin and metal-loaded K. alvarezii.
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In an effort to evaluate the kinetics of metal uptake
and the differences in the biosorption kinetic rates, the
experimental data were modelled using the Elovich,
pseudo-first- and second-order models. The models
are represented as follows,

Elovich model: qt ¼ 1

b
ln ð1þ abtÞ (3)

Pseudo-first-order model: qt ¼ qeð1� expð�k1tÞÞ (4)

Pseudo-second-order model: qt ¼ q2e k2t

1þ qek2t
(5)

where a is the initial adsorption rate (mmol/(g.min)),
b is the desorption constant (g/mmol), qt is the
amount of metal sorbed at time t (mmol/g), qe is the
amount of metal sorbed at equilibrium (mmol/g), k1 is
the pseudo-first-order rate constant (min−1) and k2 is
the pseudo-second-order rate constant (g/mmol.min).
The model constants along with correlation coefficient
(R2) and % error (ε) values are presented in Table 2.
The Elovich equation describes chemical adsorption
on heterogeneous surfaces, however, does not propose
any definite mechanism for sorbate–sorbent interaction
[25]. The equation is commonly used to describe the
sorption behaviour with a rapid equilibrium rate in
the early period, while it slows down the equilibrium

Table 1
Stretching frequencies observed in virgin and metal-loaded K. alvarezii [21,22]

Assignment

Wave number (cm−1)

Control
seaweed

Pb-loaded
seaweed

Cd-loaded
seaweed

Cu-loaded
seaweed

Ni-loaded
seaweed

–OH, –NH stretching 3,368 3,331 3,335 3,327 3,331
Asymmetric C=O stretch of COOH 1,634 1,646 1,646 1,648 1,640
Symmetric C=O 1,424 1,428 1,428 1,428 1,426
Asymmetric –OSO3 1,377 1,362 1,362 1,362 1,370
C–O (COOH) stretch 1,215 1,211 1,211 1,209 1,213
Symmetric –OSO3 1,134 1,154 1,154 1,150 1,156
C–O (alcohol) band 1,024 1,026 1,026 1,022 1,028

Fig. 3. SEM and EDX images of (a) virgin K. alvarezii and (b) Pb-loaded K. alvarezii.
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at later periods of the sorption process. The constants
“a” and “b” represent the rate of sorption and surface
coverage, respectively. The predication of experimen-
tal kinetic data were not satisfactory especially during
later stages (t > 45min) (Figure not presented) and this
trend resulted in low R2 and high ε values (Table 2).
On the other hand, the pseudo-first-order model
showed better agreement with the experimental
kinetic data with very high R2 and low ε values
(Table 2). The predicted qe values followed the
sequence: Pb > Cd > Cu >Ni. However, on testing the
validity of the pseudo-first-order model, it turns out
that qe values obtained from the model underpredicted
the experimental qe values of 0.18, 0.17, 0.15 and 0.13
mmol/g for Pb, Cd, Cu and Ni, respectively. The
reason for these differences in prediction was due to a
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Fig. 4. Biosorption kinetics of K. alvarezii towards different
metal ions (pH 4.5; temperature = 32 ± 1˚C).

Table 2
Isotherm and kinetic model constants obtained during metal biosorption onto K. alvarezii

Cu(II) Ni(II) Cd(II) Pb(II)

Langmuir qmax (mmol/g) 0.47 0.38 0.48 0.51
bL (L/mmol) 0.636 0.786 0.886 0.949
R2 0.998 0.998 0.997 0.997
% error 0.16 0.42 0.43 0.41

Freundlich KF (mmol/g) (L/mmol)1/nF 0.20 0.18 0.24 0.26
nF 2.98 3.44 3.57 3.64
R2 0.978 0.970 0.966 0.966
% error 1.54 1.75 1.83 1.82

Toth qmax (mmol/g) 0.45 0.35 0.45 0.47
bT (L/mmol) 0.62 0.64 0.72 0.77
nT 0.96 0.74 0.76 0.75
R2 0.998 0.999 0.998 0.999
% error 0.10 0.02 0.04 0.01

Sips KS (L/g) βS 0.30 0.30 0.42 0.48
aS (L/mmol) βS 0.63 0.78 0.88 0.94
βS 0.94 0.92 0.96 0.98
R2 0.998 0.997 0.996 0.997
% error 0.32 0.48 0.47 0.44

Elovich a (mmol/(gmin)) 0.075 0.090 0.16 0.050
b (g/mmol) 41.1 49.3 40.8 28.7
R2 0.941 0.944 0.967 0.915
% error 3.25 2.08 1.14 6.76

Pseudo-first-order qe (mmol/g) 0.14 0.12 0.16 0.18
k1 (min−1) 0.078 0.0831 0.0908 0.0636
R2 0.9905 0.9945 0.9827 0.994
% error 0.11 0.53 0.98 2.01

Pseudo-second-order qe (mmol/g) 0.16 0.14 0.17 0.20
k2 (g/(mmolmin)) 0.70 0.88 0.78 0.42
R2 0.991 0.993 0.999 0.977
% error 1.67 0.73 0.14 4.36
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time lag, possibly resulting from a boundary layer or
an external resistance controlling the initial stage of
sorption process [26]. Conversely, the pseudo-second-
order model overpredicted the experimental qe values
(Table 2). Several studies reported that the pseudo-sec-
ond-order model tends to overpredict qe values
[27,28]. Fig. 4 shows the kinetic curves as predicted by
pseudo-first- and -second-order models in comparison
with experimental kinetic data.

3.4. Biosorption isotherms

Fig. 5 shows the equilibrium biosorption isotherms
of Pb, Cd, Cu and Ni by K. alvarezii. Sorption iso-
therms are important to determine the full saturation
capacity of any sorbent and it is the plot of sorption
uptake (q) vs. the equilibrium metal concentration (Ce)
in the solution. In the present study, biosorption iso-
therms were developed by changing initial metal con-
centrations in the range of 1–10mmol/L at pH 4.5. In
general, the isotherm rises sharply in the initial stages
and reached plateau at higher initial metal concentra-
tions. The steep increase in the initial stages is due to
the availability of readily accessible sites which were
plenty compared to the moles of metal ions. As the
concentration of metal ions increases, the ratio of bind-
ing sites to moles of metal ions decreases which leads
to a plateau. From Fig. 5, it was observed that favour-
able L-shaped isotherm was obtained for all four
metal ions. Comparing the isotherms, it was clear that
isotherm obtained for Pb exhibited steep slope fol-
lowed by Cd, Cu and Ni. Also, the experimental
uptakes were in the order of Pb (0.45mmol/g) > Cd
(0.42mmol/g) > Cu (0.40mmol/g) >Ni (0.33mmol/g).

The experimental isotherms were correlated using
two-parameter and three-parameter models as follows,

Langmuir model: q ¼ qmaxbLCe

1þ bLCe
(6)

Freundlich model: q ¼ KFC
1=nF
e (7)

Sips model: q ¼ KSC
bS
e

1þ aSC
bS
e

(8)

Toth model: q ¼ qmaxbTCe

½1þ ðbTCeÞ1=nT �nT
(9)

where qm is the maximum metal uptake (mmol/g), bL
is the Langmuir equilibrium constant (L/mmol), KF is
the Freundlich constant (mmol/g) (L/mmol)1/nF, nF is
the Freundlich exponent, KS is the Sips model iso-
therm constant (L/g) βS, aS is the Sips model constant
(L/mmol) βS; βS is the Sips model exponent, bT is the
Toth model constant (L/mmol) and nT is the Toth
model exponent. These models were selected for
their simplicity and easily interpretable constants.
The model constants are presented in Table 2. At first,
the experimental isotherm data were described using
the Langmuir model. The model was able to describe
the isotherm data with high correlation coefficient (R2

> 0.997) and low % error (ε < 0.43%) values. The Lang-
muir model was originally developed for gas absorp-
tion but later adopted for biosorption with good
success [3]. The model assumes all adsorption sites to
be identical, each site retains one molecule and all
sites are energetically independent of the adsorbed
quantity [29]. In addition, the Langmuir model able to
predict the maximum biosorption capacity of any bio-
mass which may not be achievable during experi-
ments. The model constants “qmax” correspond to
maximum achievable uptake by the biosorbent, and
“bL” is related to the affinity between the sorbate and
biosorbent. As shown in Table 2, the K. alvarezii exhib-
ited high qmax value for Pb, followed by Cd, Cu and
Ni. This sequence was followed according to the ionic
radii of metals. In other words, the affinity of metal
ions towards the sorbent increases as the size of the
metal decreases.

Data prediction by the Freundlich model was sig-
nificantly inferior to that of Langmuir model (Table 2).
Since the Freundlich isotherm equation is exponential,
it can only be reasonably applied in the low to inter-
mediate concentration ranges [30]. The model was
originally empirical in nature, but was later interpreted
to heterogeneous surfaces or surfaces supporting sites
of varied affinities. Both the Freundlich isotherm con-
stant (KF) and exponent (nF) were recorded high for
Pb, followed by other metal ions (Table 2).
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Fig. 5. Biosorption isotherms of different metal ions at pH
4.5 (temperature = 32 ± 1˚C). Curves were predicted by the
Toth model.
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In an effort to further enhance the prediction,
three-parameter models were used in the present
study. The Sips model is a combined form of the Fre-
undlich and Langmuir isotherm equations developed
for predicting the heterogeneous adsorption systems.
At low solute concentrations, it reduces to Freundlich
model; while at high concentrations, it predicts the
Langmuir model [31]. The usage of the Sips model to
the experimental isotherm data resulted in good pre-
diction (R2 > 0.996 and ε < 0.48%). Among four metal
ions, the Sips isotherm model constant (KS) recorded
high for Pb, followed by Cd, Ni and Cu. The Sips
model exponent (βS) lies close to unity (Table 2),
which means that isotherm data were more of the
Langmuir form than that of the Freundlich model.
The Toth model assumes an asymmetrical quasi-
Gaussian energy distribution with most of sites having
adsorption energy lower than the maximum or mean
values [32]. Similar to other models, magnitude of the
Toth model isotherm constant was recorded high for
Pb followed by other metal ions. On the basis of R2

and ε values, the Toth model better described the
metal biosorption isotherm data and the predicted
curves are illustrated in Fig. 5.

3.5. Desorption

For any successful biosorption process, reuse of
biomass is necessary as it will decrease the process cost
as well as dependency of the process on continuous
supply of biosorbent. A successful desorption process
requires the proper selection of eluting agent, which
strongly depends on the type of biosorbent and the
mechanism of biosorption [33]. Considering that ion
exchange is the major mechanism responsible for bio-
sorption by K. alvarezii and maximum biosorption
occurred in mild acidic conditions (Fig. 1), two elutants
including HCl (0.01 and 0.1M) and NaOH (0.01 and

0.1M) were examined. Results revealed that both 0.01
and 0.1M NaOH solutions were not able to desorb
metal ions from K. alvarezii, as low elution efficiencies
were observed for all metal ions (Fig. 6). In contrary,
exposure of metal-loaded K. alvarezii to HCl resulted in
high elution efficiencies. This high performance also
confirms the postulated ion-exchange mechanism for
the biosorption process as the H+ ions supplied by the
desorbent were exchanged with bounded metal ions in
the negatively charged functional groups. Comparing
the results based on different strengths of HCl used
(Fig. 6), almost identical elution efficiencies were
observed for both 0.01 and 0.1M HCl for all metal ions
examined. This implies that 0.01M can be effectively
employed for regeneration of K. alvarezii for further
usage in biosorption process.

4. Concluding remarks

Following remarks can be made from the present
study,

� In an effort to identify new biosorbent, we report
the red seaweed K. alvarezii as an efficient sorbent
for removal of Cu(II), Ni(II), Cd(II) and Pb(II) ions.

� The experimental results revealed that solution pH
strongly influenced biosorption capacity of K. al-
varezii with pH 4.5 as an optimum for maximum
removal of metal ions.

� The mechanism of metal removal was confirmed
through SEM and FTIR analysis. The isotherm
experiments revealed that K. alvarezii possess
higher affinity towards Pb(II) ions with an uptake
of 0.51mmol/g, followed by Cd (0.48mmol/g), Cu
(0.47mmol/g) and Ni (0.38mmol/g).

� For all metal ions, the biosorption kinetics was
found to be rapid with equilibrium attained within
45min.

� The biosorbed metal ions onto K. alvareziiwere effi-
ciently desorbed using 0.01M HCl with elution
efficiencies greater than 98.7%. Thus, easy avail-
ability, high biosorption capacity, rapid removal
rate and easy desorption portray this seaweed-
based treatment process as an attractive and viable
technique for decontamination of Cu(II), Ni(II), Cd
(II) and Pb(II)-bearing wastewaters.
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