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AbstractÐBiosorption of Cd by biomass of the brown seaweeds Durvillaea, Laminaria, Ecklonia and
Homosira presaturated with Ca, Mg or K was coupled with the release of these light ions. The
feasibility of biomass pre-treatment to develop a better biosorbent was evaluated by its biosorption
performance, the degree of its component leaching (measured by the weight loss and TOC) as well as
by the number of ion-exchange sites remaining in the biomass after the pre-treatment. Multicomponent
Langmuir and ion exchange models applied to the equilibrium sorption data for pH 4.5 con®rmed the
ion exchange mechanism involved in the biosorption of metals. Both models ®tted well the
experimental data and their parameters can be used in the derivation of dimensionless ion-exchange
isotherms which are instrumental in predicting the behavior of the biosorbents in dynamic ¯ow-through
biosorption systems. The sequence of biomass a�nities established for the selected heavy metals can be
correlated with the chemical pretreatment of the biomass. # 1999 Elsevier Science Ltd. All rights
reserved
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NOMENCLATURE

B biomass binding site
C0 normality of the solution (meq/l)
CfM, CfH equilibrium ®nal concentration of species

M, H in liquid phase
CM equilibrium concentration of species M in

liquid phase (meq/l)
CML concentration of species M in liquid phase

(meq/l)
k constant de®ned in equation (9)
KM constant in the multicomponent Langmuir

model
KM/I ratio of constants for M/I in the multicom-

ponent Langmuir model
KMI ion-exchange selectivity coe�cient
M metal species in the liquid
M metal species in the solid sorbent phase
m, n metal ion respective valences
qM1, qM2, qM uptake of species M1 or M2 or M (meq/l)
Q concentration of binding sites in the

biomass (meq/g) in equations (3)±(5)
and equilibrium uptake of M at
CML=CM0. C0 (meq/g) in equation
(8)

xM1, xM2 equivalent fractions of species M1 and M2,
respectively, in liquid phase

yM1, yM2 equivalent fractions of species M1 and M2,
respectively, in solid phase
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INTRODUCTION

Aqueous heavy metal pollution represents an im-
portant environmental problem due to its toxic
e�ects and accumulation throughout the food
chain. The main sources of heavy metal pollution

are mining, milling and surface ®nishing industries,
discharging a variety of toxic metals such as Cd,
Cu, Zn and Pb into the environment (Moore and

Ramamoorthy, 1984).
While the removal of toxic heavy metals from

industrial wastewaters has been practiced for several

decades, the e�ectiveness, and particularly the cost
e�ectiveness, of the most common physical±chemi-
cal processes is limited. Biological materials have

shown potential for heavy metal removal, but only
low-cost biological materials with su�ciently high
metal-binding capacity and selectivity for heavy
metals are suitable for use in a full-scale biosorption

process (Volesky and Holan, 1995; Kratochvil and
Volesky, 1998a).
Various bio-materials have been examined for

their biosorptive properties and di�erent types of
biomass have shown levels of metal uptake high
enough (in the order of 1 mmol/g) to warrant

further research (Volesky and Holan, 1995). Among
the most promising types of biosorbents studied is
algal biomass. The abundance of algae can hardly
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be overestimated. The world harvest of seaweeds
for food and algal products (e.g. agar, carrageenan,

alginate, that can be employed as thickeners)
already exceeds 3 million tons annually and poten-
tial harvests are estimated as 2.6 million tons for

red algae and 16 million tons for brown algae
(Schiewer and Volesky, 1998). Biosorption in algae
has mainly been attributed to the cell wall, com-

posed of ®brilar skeleton and an amorphous
embedding matrix. Both electrostatic attraction and
complexation of metals in the biomaterial can play

a role. While the skeleton of the cell wall in formed
by cellulosic material, in the brown algae group
Pheophyta the largest amount of amorphous matrix
consists of mainly alginic acid and some sulfated

polysaccharides such as fucoidan (Lee, 1989).
Although not all of the potentially applicable bio-

sorbents have yet been systematically examined,

substantial evidence identi®es ion exchange as the
main mechanism of metal biosorption. Recent stu-
dies revealed that uptakes of divalent metals by

algal biomass (Crist et al., 1994; Schiewer et al.,
1995; Schiewer and Volesky, 1995) and by ®lamen-
tous fungi (Treen-Sears et al., 1984; Fourest and

Roux, 1994) are accompanied by the release of
ionic species from the biosorbents.
The objective of the present work was to deter-

mine the cadmium uptake capacity of brown algal

biomass types, Durvillaea, Laminaria, Ecklonia and
Homosira, considering the ion exchange mechanism.
Although metal-sorbing potential of these biomass

types has been indicated (Aderhold et al., 1996;
Matheickal and Yu, 1996; Sandau et al., 1996),
there is no systematic study of the mechanism

involved in the process. Pre-treatment of the
selected biomass has been also examined in order to
identify ways of optimizing the biomass metal-sorb-
ing performance for its potential use in multiple

cycles of sorption and desorption/regeneration.

MATERIALS AND METHODS

Preparation of the biomass

The brown algae Laminaria, Durvillaea, Ecklonia and
Homosira were collected and sun dried in Victoria
(Australia) in October. Analytical grades of Cd nitrate
(BDH, Toronto) and of nitric acid and hydroxides (Ca-,
Mg-, K-) (Anachemia, Montreal) were used for all the ex-
periments. Atomic absorption standards (1000 mg/l) for all
metals, as well as Na hydroxide 0.1 M standard solution,
were purchased from Fisher Scienti®c (Montreal).

Particles (0.5±0.84 mm) of the disintegrated raw biomass
were treated with 0.2 N HNO3 solution in a batch for 3 h
at the biomass concentration of 10 g/l, followed by a rinse
with distilled water until the solution reached pH 4.5 and,
®nally, dried in the oven overnight at 608C. The resulting
biomass is called protonated biomass in this work.

The conversion of the protonated biomass to Ca-, Mg-
or K-biomass was carried out using a 20 mM solution of
Ca(OH)2, Mg(OH)2 or KOH, until the pH of the spent
hydroxide supernatant solution reached 6.5. The solution
was kept for total organic carbon (TOC) analyses.
Separated biomass was dried overnight and used in exper-

iments. Its weight loss was determined based on the ®nal
dry weight as compared to the initial weight before each
pretreatment.

Metal ion binding experiments

Twenty mg of biomass was put in contact with 10 ml of
a Cd nitrate solution in a test tube for 6 h (1±10 mM of
Cd, pH adjusted to 4.5). Mixing was promoted by mild
bubble aeration. Samples were taken of the initial metal
solution, and of the supernatant solution after the sorption
equilibrium was reached. The samples were analyzed for
metal content using atomic absorption spectroscopy (AAS,
Perkin-Elmer 3100). The metal uptake was determined
from the di�erence of metal concentrations in the initial
and ®nal solutions. No signi®cant change in the pH values
was observed throughout the equilibrium contact exper-
iments which was one of the purposes of the biomass
chemical pretreatment.

Total organic carbon (TOC) determination

The TOC of the biomass pretreatment supernatants was
measured using the TOC analyzer (Dohrman DC-80) by
both combustion and UV-persulfate methods. Aliquots of
the samples were ®rst ®ltered through 0.45 mm pore size
chromatographic ®lter membrane and subsequently acidi-
®ed with HNO3 prior to analysis. The TOC analyzer was
calibrated using 200 mg/l solution of K-phtalate prepared
from a standard solution containing 1000 mg/l of the
chemical. The TOC in samples whose acidi®ed liquors pro-
duced precipitate was determined as follows: ®rst, the TC
(total carbon) was determined by analyzing aliquots of
these samples without pH adjustment. Second, the TIC
(total inorganic carbon) in these samples was determined
using the TIC mode of the DC-80 analyzer. Finally, the
TOC was calculated as the di�erence between the TC and
the TIC values.

Titration of the biomass samples

Potentiometric titrations of protonated biomass were
conducted as described by Fourest and Volesky (1997).
Typically, 100 mg of algal biomass, converted to the
hydrogen form (protonated) with 0.1 M HCl and washed
with deionized water to constant conductance, was dis-
persed in 100 ml of 1 mM NaCl solution prepared with
deionized water. Titration was carried out in the auto-
matic titrator (Autotitrator Mettler DL25) by stepwise ad-
ditions of not more than 0.1 ml of a 0.1 M NaOH
solution. The suspension was kept under nitrogen atmos-
phere and constantly stirred. The pH of the suspension
was registered after each NaOH solution addition. The
total number of sites was determined from the second in-
¯ection point read o� the curve of pH vs the amount of
NaOH added/g biomass.

THEORETICAL BACKGROUND

This study presents unique quantitative results of
screening several biomass types for selected heavy
metal biosorption which is best evaluated by expres-

sing sorption equilibrium constants. The method-
ology of doing so is described which could become
a more standard approach for others. The essential

background information presented in this section
serves only as a convenient brief reference.

Multicomponent Langmuir model

A mathematical model of biosorption by
Sargassum biomass has been developed and tested
by Schiewer and Volesky (1995). The model de®nes
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equilibrium binding constants KH and KM for pro-
tons H+ and divalent metal cations M2+, respect-

ively, sorbing onto binding sites in the biomass B
according to the following reactions:

H� � B$ HB KH � qH=CfHCB �1�

M2� � 2B$ 2BM0:5 KM � q2M=CfMC2
B �2�

where qH and qM are the equilibrium uptakes of H
and M, respectively, and CfH and CfM represent the
equilibrium concentrations of protons and metals in

solution, respectively. CB denotes the concentration
of free, unoccupied, binding sites in the biomass.
By rearranging equations (1) and (2), the follow-

ing expressions can be obtained for equilibrium
uptakes of metals in proton±metal (H+±M 2+) and
Metal1±Metal2 (M12+±M22+) binary systems:

qM � Q
���������������
KMCfM

p

1� KHCfM �
���������������
KMCfM

p �3�

qM1 � Q
������������������
KM1CfM1

p

1�
����������������������������������������������
KM1CfM1 �

������������������
KM2CfM2

pp �4�

qM2 � Q
������������������
KM2CfM2

p

1�
����������������������������������������������
KM1CfM1 �

������������������
KM2CfM2

pp �5�

where Q represents the total concentration of sites

in the Sargassum biomass.
These equations represent the explicit sorption

isotherms whereby uptakes of metals M, M1 and
M2 are expressed as explicit functions of the equili-

brium composition in the liquid. With the above
equations it is possible to determine the equilibrium
binding constants K of metal ions and protons as a

function of pH and/or metal ®nal concentrations.

Ion exchange model and isotherms

As ion exchange is the predominant metal±ion
binding mechanism in biosorption (Kratochvil and
Volesky, 1998a) the classical ion-exchange concept

based on ion-exchange equilibrium constants
(Vermeulen et al., 1973; Shallcross et al., 1988) can
be thus applied to this case. That was the approach
used by Kratochvil and Volesky (1998b)to study

biosorption of heavy metals by Sargassum biosor-
bent in a multicomponent solution. The generalized
ion-exchange reaction for dissolved species M1 (of

valence +m ) exchanging for a bound species M2
(of valence +n ), is considered as follows (solid-
bound species is underlined):

nM�m1 �mM�n2 $ nM�m1 �mM�n2 �6�
The equilibrium constant KM1M2 is de®ned in

equation (7) for the case of ideal behavior of the
exchanging species (1:1 ion exchange, activity=1) in
both of the phases:

KM1M2 � qnM1C
m
fM2

Cn
fM1q

m
M2

� ynM1x
m
M2C

mÿn
0

xn
M1y

m
M2Q

mÿn �7�

where x is the fraction of one of the components in
the solution and y is the fraction of one of the com-

ponents in the exchanger.
For the binary ion-exchange system, the constant

KM1M2 represents in a quantitative way the relative

ionic compositions in the solid ion-exchanger and
solution phases. Values of KM1M2 that are di�erent
from unity indicate the relative di�erence in prefer-
ence of the solution and exchanger phases for the

two competing ions. KM1M2 can be determined
from the slope of the plot of qM1/qM2 vs CfM1/CfM2.
When plotting qM1/qM2 vs CfM1/CfM2 in order to

determine the value of KM1M2 from the slope, one
very frequently ®nds that the individual points do
not align in a straight line, this approach leading to

a large error. Thermodynamically based activity can
cause deviations from the plot linearity and can be
neglected for ideal solutions, however, often not so

for the ions in the exchanger phase (Reichenberg,
1966). Freeman (1961) presented a solution to this
problem: the fraction of one of the components in
the exchanger ( yM) is plotted vs the KM1M2 values

which are calculated from individual experimental
data using the ®rst part of equation (7). The
measurements are integrated in an empirical ex-

pression to calculate the average KM1M2 values. The
error is seldom very large and a number of
examples of use of this method can be found in the

literature (Reichenberg, 1966). This approach has
also been applied in the current work.
Ion exchange isotherms are usually displayed

using dimensionless forms of the uptake and con-

centration and they vary in shape depending on the
total normality of the solution C0:

qM

Q
� f

CML

C0
�8�

where CML is the concentration of species M in the
liquid phase.

The overall binding capacity Q for a binary sys-
tem is given by the sum of the functional groups in
the sorbent (qM1+qM2) and the total normality of
the solution C0 is given by the sum of the equili-

brium concentrations of M1 and M2 (CfM1+CfM2).
By eliminating qM2 through substitution, a useful
expression for qM1/Q can be obtained:

qM1

Q
� 1

1� �CfM2=KM1M2CfM1� �
1

1� kCfM2

where k � 1

KM1M2CfM1

�9�

Equation (9) shows that, for a ®xed value of
CfM1, qM1/Q is a hyberbolic function of CfM2 that
may also be described using simple dimensionless
concentration fractions as variables:
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xM1 � CfM1

C0
; xM2 � CfM2

C0
; yM1 � qML

Q
�10�

yielding equation (11), which represents an ion-

exchange isotherm for a binary sorption system:

yM1 � 1

1� �xM2=KM1M2xM1�
�11�

Fitting the models

The binary biosorption equilibrium data sets for

Cd/Ca, Cd/Mg and Cd/K sorption systems, where
the ®rst element indicates the sorbing species and
the second element speci®es the ionic form of the

biomass, provided the experimental basis for the ®t-
ting of the biosorption models. The multicompo-
nent Langmuir model was ®tted and the constants

KCd and KM2 (M2=Ca, Mg or K) were obtained by
minimizing the objective function FM represented
by equation (12):

FM � sum

(
qexp

Cd ÿ qtheor
Cd

q
exp
Cd

)2

�12�

Due to the di�erent valence of the ions used in
the pretreatment of the biomass, equations (4)

and (5) were used for calculating the a�nity con-
stants of divalent ions exchanging in the biomass,
whereby equation (3) was applied in the calcu-
lation of constants for heterovalent (Cd with K)

ions exchanging in the biosorbent. The computer
program MATLAB 4.0 was used for this pur-
pose.

The same data sets were used for the deter-
mination of the relative a�nity constant KM1M2

by the ion exchange model. The fraction of Cd

in the exchanger ( yCd) was plotted vs the KCdM2

values which were calculated from individual
experimental data using the ®rst part of equation

(7). The measurements were integrated in an empiri-
cal polynomial expression to calculate the average
KM1M2 values. The goodness of ®t was evaluated by
the R 2 values obtained for each set of data. The

error between the calculated and experimental
uptake was calculated by the objective function
FM [equation (12)]. The ion exchange equilibrium

isotherm was calculated using equations (10) and
(11).

RESULTS AND DISCUSSION

Pre-treatment of the biomass

The loss of biomass components during the bio-

mass pretreatment is summarized in Table 1. The
supernatant liquid total organic carbon (TOC) con-
tent demonstrated that most of the biomass leach-
ing occurred during the acidic wash with nitric acid

solution. This leaching is also re¯ected in the re-
duction of the biomass dry weight reaching up to
49%. The acidic wash released a substantial portion

of soluble biomass material, smaller organic mol-
ecules and ions. It replaced Ca, Mg, Na and K
bound to available active sites with protons. This

behavior was similar to that reported for another
type of acid pretreated seaweed biomass (Lee and
Volesky, 1997; Kratochvil and Volesky, 1998b). The

largest di�erence in the e�ect of pretreatment
observed in this work was that between the
Ca(OH)2 wash which resulted in the least biomass
leaching (weight loss) and the KOH exposure which

led to weight losses varying from 7 to 20%. A
di�erent behaviour was observed with Homosira
biomass which lost at least 10% of its weight, even

during Ca(OH)2 pretreatment. At this point, one
can observe similarities in the leaching behavior
between Durvillaea and Laminaria, with weight

losses increasing with the pretreatment of
Ca > Mg> K. This relationship is somewhat
di�erent for Ecklonia and Homosira, where the least

leaching was observed with Mg pretreatment.
The biomass weight loss during pretreatment can

be used as an indication of the chemical stability of
the biomass which is enhanced by its treatment

with di�erent ion solutions. Ca-saturation pretreat-
ment was proposed by Kratochvil and Volesky
(1998b)for the stabilization of S. ¯uitans because

Ca2+ keeps the alginate, an important molecule for
the ion exchange phenomenon, locked inside the
biomass in the form of crosslinked Ca±alginate

(Thom et al., 1982). Once alginate is entrapped
inside the biomass, fewer ion exchange sites may be
lost during biosorption column regeneration cycles.
However, determination of the biosorbent material

weight loss cannot be feasibly carried out for a bio-
sorption column. The TOC leached into the sol-
ution can be used as a coarse way of monitoring

the biomass organic content lost during regener-
ation cycles. However, the results in Table 1 do not

Table 1. The loss of brown algae biomass components during di�erent treatments: total organic carbon (TOC, mg/g of biomass) leached
into solution and dry weight biomass loss (% of the raw biomass). Biomass loaded with Ca-, Mg- or K was produced by contacting the

acid washed biomass respectively with hydroxide solutions of Ca, Mg or K (see Materials and methods section

Treatment type Biomass

Laminaria Durvillaea Ecklonia Homosira

Acid wash 37.99 (39.72%) 73.36 (43.00%) 58.68 (48.54%) 76.41 (48.54%)
Ca-loading 4.42 (0.01%) 5.75 (0.02%) 4.15 (1.02%) 17.10 (13.56%)
Mg-loading 1.83 (1.59%) 3.56 (0.81%) 3.40 (0.84%) 7.74 (12.59%)
K-loading 6.87 (6.60%) 10.20 (11.76%) 16.89 (15.26%) 25.59 (19.21%)
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suggest a good correlation between the TOC and
lost dry weight analyses. This could particularly be

due to di�erent forms of alginate present in each
biomass type which would be more or less soluble
depending on its ionic form. Smidsrod and Haug

(1965) showed that properties of alginate samples
varied depending on the raw material from which
they were prepared. Guluronic acid had a higher

selectivity for Ca and other divalent ions in
exchange with Na than mannuronic acid (Haug and
Smidsrod, 1965). This can be explained by the zig-

zag structure of guluronic acid which can accom-
modate the Ca ion more easily (Lobban et al.,
1985). In addition, guluronic acid has generally
higher selectivity for divalent metal ions (Ca, Ma,

Cu, Sr, Ba, Co: selectivity factors between 0.17 and
150), while the selectivity of mannuronic acid for
the same ions is smaller (selectivity factors between

1.1 and 12) (Haug and Smidsrod, 1970).

Potentiometric titration of the biomass

The mathematical model for biosorption devel-

oped by Schiewer et al. (1995) allows the calcu-
lation of both equilibrium constants for each metal
present in the system as well as the total number of
metal or active binding sites Q in the biomass.

However, the model could not accurately predict
the concentration of active sites which had to be
estimated based on the titration of protonated bio-

mass with a single-metal solution accompanied by
the displacement of protons. Another approach to
determine the concentration of sulfonate and car-

boxyl groups in Sargassum biosorbent was used by
Fourest and Volesky (1996): the protonated bio-
mass was titrated with NaOH solution. The concen-
trations of both sites in the biomass was determined

through estimating the position of in¯ection points
on the resulting titration curve.
The procedure described by Fourest and Volesky

(1996) was used in the present work in order to
determine the overall concentrations of metal-bind-
ing sites in the biomass types examined. Moreover,

because of the weight losses observed, the concen-
tration of sites was corrected in the model for each
biomass as it was di�erently pretreated. Table 2

exhibits the concentration of active sites for each
biomass type after every pretreatment. The active
site concentration determined for each acid washed
biomass was between 2.0 and 2.4 meq/g. A re-

duction in the number of sites as low as 18%
(Ecklonia treated with K) and as high as 41%

(Laminaria treated with K) was observed after the
pretreatment with di�erent hydroxide solutions.
The diverse constitution of molecules present in the

biomass can once again be the reason for the di�er-
ent concentrations found by titration of the biomass
sites: distinct composition of the molecules that

form the metal-binding sites would lead to varied
degrees of solubility. The fact that there seemed to
have been no reasonable correlation between the

biomass weight loss and the reduction in the num-
ber of metal-binding sites could at this point only
be attributed to the broad variety of the leached
compounds.

Modeling of the batch equilibrium data

Ion exchange was previously demonstrated as the
main mechanism involved in heavy metal uptake by

algal biosorbent materials (Crist et al., 1994;
Schiewer et al., 1995; Kratochvil and Volesky,
1998b). In order to con®rm the phenomenon in the

present experiments, the batch equilibrium data
were ®tted with multicomponent Langmuir and ion
exchange models described earlier.
The calculated equilibrium constants K obtained

by ®tting the experimental data with the multicom-
ponent Langmuir model are presented in Table 3.
The model, developed from the Langmuir sorption

isotherm model, assumes that all sites are initially
free and does not consider any reverse reaction of a
displaced ion with the site. The value of unity in

the denominator of equations (3)±(5) is related to
the amount of free sites still available in the bio-
mass at a given equilibrium concentration of the
metal. By dividing the values obtained for individ-

ual KCd by those for each `light metal' ion present
in the biomass one can determine the relative equili-
brium constant for a bi-component sorption system

(KCd/M2; M2=Ca, Mg or K). This value can be
then compared to those of the ion exchange selec-
tivity coe�cient KCdM2 obtained for the ion

exchange model ®tting.
The procedure used by Kratochvil and Volesky

(1998b) to calculate the values of KM1M2 for a given

sorption system was based on obtaining a linear
equation to describe the relationship between qM1/
qM2 vs CM1/CM2. However, this approach was not
feasible for the present systems since no linear re-

Table 2. Total concentration of sorption sites (meq/g) in brown algae biomass after di�erent pre-treatment. Ca-, Mg- and K-loaded bio-
mass was protonated with 0.1 M HCl solution prior to their potentiometric titration

Treatment type Biomass

Laminaria Durvillaea Ecklonia Homosira

Protonation 2.40 2.24 2.00 2.10
Ca-loading 1.46 1.65 1.60 1.57
Mg-loading 1.56 1.45 1.57 1.49
K-loading 1.42 1.69 1.65 1.57
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lationship was observed for any set of data. An

alternative approach (Freeman, 1961) of ®tting the

data with an empirical expression was applied to all

data sets. Figure 1 shows the experimental pro®le

for KCd/Ca obtained with Durvillaea biomass pre-

treated with Ca. This pro®le was ®tted with a poly-

nomial expression ( y=ÿ10.73x 2+8.40x + 2.49,

R 2=0.929). Similar polynomials, one for each bio-

mass type, can be easily integrated and values for

the average selectivity coe�cients KCdM were

obtained by this procedure (Freeman, 1961) (Table

4). Fitting of all the experimental data sets was

obtained with a high con®dence, as seen from the

values of R 2, for polynomial expressions of the sec-

ond order.

The ion exchange model assumes that all sites to

which metal ions are sorbed are initially occupied,

i.e. the number of free sites stays constant. The

variation of the selectivity constant KCdM2 with

ionic composition has been attributed to numerous

non-uniformity factors even for synthetic resins

(Marcus, 1966; Reichenberg, 1966; Marinsky, 1976;

Bu�e, 1988). In complex biomaterials these non-

uniformities could play an even more important

role (Schiewer et al., 1995). By comparing the

results obtained with both models, the sequence of
biomass a�nity toward the metals examined can be
established for each biomass type:

By the multicomponent Langmuir model:

Ca > Mg> Cd >K for Laminaria.
Cd > Ca > Mg>K for Durvillaea.

Ca > Cd > K> Mg for Ecklonia.
Mg > Cd > K> Ca for Homosira.

By the ion exchange model:
Ca > Mg> Cd >K for Laminaria.

Cd > Mg> Ca >K for Durvillaea.
Ca > Cd > K> Mg for Ecklonia.

Mg > Cd > K> Ca for Homosira.

All the sequences of a�nity established are the
same for both models, except for Durvillaea bio-

mass where there is a change of sequence between
Ca and Mg. Even in this case, the di�erence in the

values of Ca and Mg constants was small enough
so that they could be considered as practically the

same. The varied sequence of a�nity observed for
the di�erent types of biomass tested could be
explained by their chemical constitution, since dis-

tinct types of polysaccharides would present di�er-
ent a�nities for the ions. Several authors studied

Fig. 1. Biosorption of Cd by Ca-loaded Durvillaea biomass: measured distribution of Cd and Ca in
Durvillaea biomass at varying fractional Cd content in the biomass. The distribution is not constant.

Table 3. Equilibrium sorption model parameter values: constants K (l/mmol) and KCd/KM ratios

Biomass Treatment

Ca-loaded biomass Mg-loaded biomass K-loaded biomass

KCd KCa KCd/KCa KCd KMg KCd/KMg KCd KK KCd/KK

Laminaria 1.28 2.04 0.63 0.72 1.42 0.51 1.66 0.58 2.86
Durvillaea 34.18 15.77 2.17 2.69 0.83 3.24 2.86 0.49 5.84
Ecklonia 1.18 1.35 0.87 0.64 0.23 2.78 1.66 0.98 1.69
Homosira 98.67 32.34 3.05 0.77 1.59 0.48 1.72 0.68 2.53
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the ion binding properties of algal polysaccharides.
As a general rule, there is a preferential binding of

heavier ions to alginate which could be due to

stereo-chemical e�ects, larger ions might better ®t a
binding site with two distinct active groups (Haug

and Smidsrod, 1970). Studying the ion binding to
alginate from Laminaria digitata, Haug and

Smidsrod (1965) reported that the amount of pro-

tons released into solution decreased in the order
Pb > Cu > Cd > Ba > Sr > Ca > Co > Ni >

Zn > Mg. In binding by fucoidan, however, the
a�nity sequence Pb > Ba > Cd> Sr > Cu >

Co > Zn >Mg> Ni > Ca was reported (Paskins-
Hurlburt et al., 1976). The a�nity sequences

observed for the biomass types studied here would

be a net result of individual a�nities of their poly-
saccharides to the ions, as well as the relevant con-

tribution of those molecules to the overall ion
exchange sites.

In order to con®rm the goodness of ®t of the

models, the calculated uptakes at the experimental
equilibrium normality of the solution C0 were com-

pared to the experimental ones using equation (12).
Table 5 displays the values of the objective function

FM as well as the percentage of experimental data

that are within 5% error band around the ®t. Both
models considered in this work ®t the experimental
data relatively well. In all systems studied, the

greater error was observed for the data points at
lower equivalent fractions of Cd in the liquid (not
shown).

Ion exchange isotherms

Figure 2 shows an example of ion-exchange iso-
therms for the Ca-Durvillaea±Cd system calculated

from the parameters obtained by each model. In
general, the multicomponent Langmuir model
under-predicts uptakes in the lower concentration

range. Crist et al. (1994) compared the ®t of the
Langmuir sorption isotherm and the ion exchange
models. The di�erence between the two models was

especially pronounced at low metal ion concen-
trations because of the e�ect of reverse reaction
involving the displaced ion. Correspondingly, it was

postulated that the Langmuir model applies better
at higher metal concentrations where binding of the
displaced ion is low. Schiewer et al. (1995) assumed
that this de®ciency looses signi®cance for the multi-

component Langmuir model, used in this study,
since the e�ect of competing ions, which is high at

Table 4. Ion exchange model selectivity coe�cient KCdM (by integration of polynomial ®tting) and the ``goodness-of-®t'' evaluation (R 2)

Biomass Treatment

Ca-loaded Mg-loaded K-loaded

KCdCa R 2 KCdMg R 2 KCdK R 2

Laminaria 0.62 0.94 0.45 0.98 2.82 0.96
Durvillaea 3.31 0.923 2.96 0.95 5.06 0.94
Ecklonia 0.65 0.99 6.98 0.96 1.72 0.93
Homosira 3.28 0.92 0.48 0.90 2.08 0.88

Fig. 2. Biosorption of Cd by Ca-loaded Durvillaea biomass: predictions by the two models and exper-
imental points at a given normality C0.
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low metal ion concentrations, is taken into con-
sideration. The authors demonstrated the applica-

bility of the model to systems containing heavy

metals and protons. However, the model seems to
have the same shortcoming observed for the con-

ventional Langmuir sorption model for both diva-
lent±divalent (Cd with Ca or Mg) and divalent±

monovalent (Cd with K) ion exchange.

The concave shape of those curves (operation-

favorable) depicts the situation when yCd > xCd,
revealing that Cd is preferred by Durvillaea biomass

over the pre-loaded Ca. This is demonstrated by the
ratio of the equilibrium constants obtained by the

multicomponent Langmuir model as well as by the

selectivity coe�cient obtained by the ion exchange
model which have values higher than 1 (2.17 and

3.31, respectively). Although a knowledge of biosor-
bent mass transfer properties is important for sizing

of sorption columns, the equilibrium behavior often

determines the feasibility of the process (deVault,
1943). For this reason, it is important to determine

the relative equilibrium a�nities of pre-saturating
ions and heavy metals to be sorbed by the biomass

and illustrate the a�nity with equilibrium iso-

therms.
Metal-loading capacities of di�erent biosorbents

can be conveniently compared by determining the

number of sites available in the biomass for ion
exchange. This can be done by titrating the biomass

active sites, as described in the present work. While
several studies involving the biosorption of heavy

metals by brown seaweeds were analyzed by non-

mechanistic approaches (Aderhold et al., 1996;
Matheickal and Yu, 1996; Sandau et al., 1996;

Matheickal et al., 1997), Sargassum biosorbent,
appearing as a superior one (Holan et al., 1993;

Matheickal and Yu, 1996; Figueira et al., 1997),

involves the ion exchange mechanism (Schiewer and
Volesky, 1996; Lee and Volesky, 1997).

Complete desorption of most heavy metals cat-

ions from seaweed biosorbents can usually be
achieved simply by using small amounts of a suit-

able elutant, usually a mineral acid. The cost e�ec-
tiveness of the biosorption process depends on high
stability of biosorbents in the desorption cycles

(Tsezos, 1988; Ehrlich and Brierley, 1990; Huber et
al., 1990; Maranon and Sastre, 1991). While solubi-
lities of Ca or Mg limit the strength of their respect-

ive hydroxides if they were to be used for a
combined desorption±activation sequence, highly
soluble potassium in KOH tested in the present

work allows a cost-e�ective pretreatment providing
for the strongest desorbing solution possibly even
obviating the acidic biomass regeneration step.

CONCLUSIONS

An example methodology has been demonstrated

in this work for screening di�erent biosorbents
(brown seaweeds) for the uptake of heavy metals.
The comparison of metal biosorption performance
was based on expressing the key equilibrium bio-

sorption parameters such as the total number of
active sites (by titration), two types of equilibrium
constants according to two mathematical models

capable of re¯ecting well experimental metal bio-
sorption data: the multicomponent Langmuir and
ion exchange models. The models can also assist in

establishing biosorption metal a�nity sequences for
materials studied which is of importance for select-
ing an optimum pretreatment of the biosorbent for

process applications. For brown seaweed biomass,
pretreatment with potassium hydroxide appears to
be very cost-e�ective.
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