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Abstract

The sorption of Cu2+, Cd2+, and Pb2+ by a dried green macroalga Caulerpa lentillifera in binary components systems was investigated. The
partial competitive binary isotherm model was proven to be effective in describing the experimental data. The model and experimental data of each
binary component system demonstrated that the presence of the secondary metal ion always reduced the total sorption capacity of the biomass.
This implied that there existed the same pooled binding sites for the sorption of all of these heavy metal ions. Pb2+ was demonstrated to be the
most uptaken species, followed by Cu2+ and Cd2+. The presence of Pb2+ more significantly decreased the sorptions of Cu2+ and Cd2+ than vice
v
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ersa. Similarly the sorption of Cd2+ was more disturbed by the presence of Cu2+, than that of Cu2+ by Cd2+. The effect of pH on metal sorption
ould also be described using similar fundamentals with the sorption of binary metal component, and the partial competitive model could also be
pplied to predict the effect of pH on the sorption of these metals. It was demonstrated that a decrease in pH resulted in a reduction in the sorption
apacity and sorption affinity. Finally, carboxyl, hydroxyl, sulfonate, amine, and amide functional groups in the alga could be responsible for the
orption of all heavy metals in this work.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, biosorption has emerged as an alternative treat-
ent technology for heavy metals. There have been a number of

eports stating the success of such technology [1,2]. To ensure
he applicability of this technology, more works are still needed
or the sorption of a mixture of heavy metals at various operating
onditions. Recent reports on the sorption of multi-component
ystems include that of Al-Asheh et al. [3] who studied the binary
orption of Cu2+, Cd2+, and Ni2+ by pine bark using the extended
angmuir (based on competitive sorption), extended Freundlich,
xtended Sips, and IAST models. They found that these models
ould be used to describe the sorption of some binary metal sys-
ems including Cu2+–Cd2+, Cu2+–Ni2+, and Cd2+–Ni2+. Ham-

aini et al. [4] employed three Langmuir type models, based
n competitive, uncompetitive, and multi-component sorptions,
o explain the effect of Pb2+ on the sorption of other metals,

∗ Corresponding author. Tel.: +66 2 218 6870; fax: +66 2 218 6877.
E-mail address: prasert.p@chula.ac.th (P. Pavasant).

i.e. Cu2+, Cd2+, and Zn2+, by activated sludge. The results indi-
cated that a competitive uptake was the most appropriate model,
and Pb2+ was the most preferentially uptaken species. Ma and
Tobin [5] reported the applicability of the extended Langmuir
models based on competitive sorption for the binary sorptions of
Cr3+–Cu2+, Cr3+–Cd2+, and Cu2+–Cd2+ on peat biomass. Lee
and Suh [6] examined the effect of Al3+ on the sorptions of Cr3+,
Pb2+, Cu2+, Cd2+, and Zn2+ by Ca-loaded Sargassum fluitans
biomass using a modified multi-component Langmuir isotherm
(based on competitive concept). They reported that the presence
of Al ion greatly diminished the uptakes of other heavy met-
als except that of Cr3+. Alimohamadi et al. [7] found that the
modified Freundlich model was a better model than the modi-
fied Langmuir model in predicting the binary sorption of Pb2+

and Cu2+ by Rhizopus arrhizus. All the above findings sug-
gested that, although the binary sorption could be well described
using various types of models, the extended Langmuir using
the competitive sorption concept was generally more commonly
employed than others.

The influence of pH on sorption characteristics is also an
important aspect for actual applications. The effect of pH on the
385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Nomenclature

b′ affinity constant for the simultaneously bonding
of two metals with the same binding site

B free binding site
b Langmuir affinity for the single component sys-

tem
b (pH) Langmuir affinity for the single component sys-

tem as a function of pH
bHM affinity constant of the metal ion on the protonated

binding site
bM affinity constants for metal ‘M’ (primary compo-

nent) = 1/KM
BM binding site occupied with metal ‘M’
bMH sorption affinity of proton on the binding site

already occupied by metal ion
bMN affinity constant for the bonding of metal ‘N’ with

the binding site already occupied with metal ‘M’
BMN binding site simultaneously occupied with metals

‘M’ and ‘N’
bN affinity constants for metal ‘N’ (secondary com-

ponent) = 1/KN
BN binding site occupied with metal ‘N’
bNM affinity constant for the bonding of metal ‘M’ with

the binding site already occupied with metal ‘N’
Bt total binding site
Ce equilibrium concentrations
Ce[M] equilibrium concentration of metal ‘M’ (primary

component)
Ce[N] equilibrium concentration of metal ‘N’ (sec-

ondary component)
Ci initial concentrations
Ei error at point i
Ē average of error from all experimental data
K equilibrium constant for the simultaneously bond-

ing of two metals with the same binding site
Ka acid dissociation equilibrium constant of binding

site
KM equilibrium constant of the binding site which

bonding with metal ‘M’
KMN equilibrium constant for the bonding of metal ‘N’

with the binding site already occupied with metal
‘M’

KN equilibrium constant of the binding site which
bonding with metal ‘N’

KNM equilibrium constant for the bonding of metal ‘M’
with the binding site already occupied with metal
‘N’

M first sorbate component (metal ion) in the solution
N number of the experimental data
N second sorbate component (metal ion) in the solu-

tion
q[M] sorption capacity of metal ‘M’ (primary compo-

nent)
q[M + N] sum of sorption capacity of the two metal com-

ponents

q[N] sorption capacity of metal ‘N’ (secondary com-
ponent).

q̄ average of actual sorption capacity from total
experimental data

qc,i calculated sorption capacity datum at point i
qe amount of metal uptaken per unit mass of the

biomass at equilibrium
qi actual sorption capacity experimental datum at

point i
qm maximum sorption capacity for the binary com-

ponents system
qmax maximum sorption capacity for the single com-

ponent system
qmax (pH) maximum sorption capacity for the single com-

ponent system as a function of pH
qmax,HM maximum sorption capacity of metal ion on pro-

tonated binding site
qmax,M maximum sorption capacity of metal ion on

unprotonated binding site
R2 determination coefficient

sorption could, in fact, be simulated as a binary sorption where
hydrogen ion was considered as an additional sorbate, and there
existed a competition between hydrogen ion and metal in the
sorption mechanism. Xu et al. [8] reported that an increase in
pH tended to increase maximum sorption capacity of Ni2+ by
granular sludge. Similarly, Bektas et al. [9] reported that the
sorption capacity of Pb2+ by natural sepiolite increased with pH.
Pagnanelli et al. [10] investigated the effect of pH on the sorp-
tion of Pb2+, Cu2+, Zn2+ and Cd2+ onto Sphaerotilus natans and
suggested that maximum sorption capacity varied significantly
with pH where the relationship between these two parameters
could be described using either linear, polynomial, or exponen-
tial models, depending on the nature of each metal system.

This work was intended to investigate the suitability of var-
ious types of multi-component sorption isotherm models in
predicting the binary sorption of Cu2+, Cd2+, and Pb2+. Three-
dimensional sorption isotherm surfaces of each binary compo-
nent system were generated where the sorption behavior could be
clearly illustrated. It was also shown that such multi-component
sorption isotherm could be used with accuracy in predicting the
effect of pH on the sorption of single metal component systems.

2. Model development for binary component systems
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Three different Langmuirian isotherm models with distinc-
ive assumptions were selected for the investigation of the sorp-
ion of each pair of heavy metal species. The three assumptions
ere: (i) the sorption was competitive, (ii) the sorption was
ncompetitive, and (iii) the sorption was partially competitive.
his was to be able to identify the type of sorption taken place

n each binary system.
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2.1. Competitive model (Model A)

The competitive model was developed under the concept
of the original Langmuir model for single component systems
where one binding site was only available for one sorbate. This
can be written in a mathematical form as follows [4,5]:

B+M
KM←→BM, KM = k−M(desorbed)

k+M(uptaken)
= [B][M]

[BM]
(1)

B+ N
KN←→BN, KN = k−N(desorbed)

k+N(uptake)
= [B][N]

[BN]
(2)

where M represents the first sorbate (metal) in the solution, N
the second sorbate (metal) in the solution, B the free binding
site, KM and KN the equilibrium constants of the binding site for
metals ‘M’ and ‘N’, respectively. BM and BN were the binding
sites occupied with metals ‘M’ and ‘N’, respectively. The mass
balance equation for this case could be written as:

[Bt] = [B]+ [BM]+ [BN] (3)

Assuming that the sorption system rapidly reached the equi-
librium resulting in no changes of [BM] and [BN] with respect
to time:

d[BM] = 0 and
d[BN] = 0 (4)
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ing site. The equilibrium reaction equations and the mass balance
equation based on this assumption can be expressed as:

B+M
KM←→BM, KM = k−M(desorbed)

k+M(uptaken)
= [B][M]

[BM]
(8)

B+ N
KN←→BN, KN = k−N(desorbed)

k+N(uptake)
= [B][N]

[BN]
(9)

B+M+ N
K←→BM

N , K = [B][M][N]

[BM
N ]

(10)

[B] = [B]+ [BM]+ [BN]+ [BM
N ] (11)

d[BM]

dt
= d[BN]

dt
= d[BM

N ]

dt
= 0 (12)

Combining these equations results in:

[BM]+ [BM
N ]= [M]{[Bt]+ [Bt](KM/K)[N]}

KM + [M]+ (KM/KN)[N]+ 2(KM/K)[M][N]

(13)

Eq. (13) can be rearranged in Langmuirian form as:

q[M] = qmax(bMCe[M]+ b′Ce[M]Ce[N])

1+ bMCe[M]+ bNCe[N]+ b′(Ce[M])(Ce[N])
(14)

and the total uptake for the two metals as:
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dt dt

ombining Eqs. (1)–(4) leads to

BM] = ([Bt]/KM)[M]

1+ (1/KM)[M]+ (1/KN)[N]
(5)

q. (5) is well known as an extended Langmuir model for binary
omponent competitive sorption which can be written into Lang-
uirian type equation as expressed in Eq. (6):

[M]= qmbMCe[M]

1+ bMCe[M]+ bNCe[N]
, bM = 1

KM
and bN = 1

KN

(6)

here the total metal uptake (for the two metals) can be
xpressed as Eq. (7):

[M+ N] = q[M]+ q[N] = qm
bMCe[M]+ bNCe[N]

1+ bMCe[M]+ bNCe[N]
(7)

here q[M] and q[N] are the sorption capacities of metals ‘M’
primary component) and ‘N’ (secondary component), respec-
ively, q[M + N] the sum of uptakes of the two metal components,

e[M] and Ce[N] the equilibrium concentrations of metals ‘M’
nd ‘N’, respectively, qm the maximum sorption capacity for the
inary components system, bM and bN the affinity constants of
angmuir model for the primary and secondary metal compo-
ents, or ‘M’ and ‘N’, respectively.

.2. Uncompetitive model (Model B)

This model was developed based on the assumption that the
wo sorbates could be simultaneously uptaken on the same bind-
[M+ N] = q[M]+ q[N]

= qmax(bMCe[M]+ Ce[N]+ 2b′(Ce[M])(Ce[N]))

1+ bMCe[M]+ bNCe[N]+ b′(Ce[M])(Ce[N])
(15)

here q[M], q[N], q[M + N], Ce[M], Ce[N], qm, bM, and bN take
he same meanings with the Model A, K and b′ are the equi-
ibrium constant and the affinity constant for the simultaneous
onding of two metals with the same binding site, respectively.

.3. Partial competitive model (Model C)

The partial competitive isotherm model was developed based
n the assumption that one sorbate could attach onto only one
inding site, and that the sorbate could also attach to the occupied
inding sites. This meant that the occupied binding sites (with
ne metal) could form another linkage with other sorbates. The
hemical equilibrium reaction equations and the mass balance
quation based on this assumption can be expressed as:

+M
KM←→BM, KM = k−M(desorbed)

k+M(uptaken)
= [B][M]

[BM]
(16)

+ N
KN←→BN, KN = k−N(desorbed)

k+N(uptake)
= [B][N]

[BN]
(17)

M+ N
KMN←→(BM)N, KMN = [BM][N]

[(BM)N]
(18)

N+M
KNM←→(BN)M, KNM = [BN][M]

[(BN)M]
(19)

Bt] = [B]+ [BM]+ [BN]+ [(BM)N]+ [(BN)M] (20)
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d[BM]

dt
= d[BN]

dt
= d[(BM)N]

dt
= d[(BN)M]

dt
= 0 (21)

Combining these equations results in:

[BM]+ [BNM] = ([Bt]/KM)[M]+ ([Bt]/KN)(1/KNM)[M][N]

1+ (1/KM)[M]+ (1/KN)[N]+ ((1/KM)(1/KMN)+ (1/KN)(1/KNM)) [M][N]
(22)

Eq. (22) can be rearranged in Langmuirian form as:

q[M] = qmax(bM + bNbNMCe[N])(Ce[M])

1+ bMCe[M]+ bNCe[N]+ (bMbMN + bNbNM)(Ce[M])(Ce[N])
(23)

and the total uptake for the two metals as:

q[M+ N] = q[M]+ q[N] = qmax(bMCe[M]+ bNCe[N]+ (bMbMN + bNbNM)(Ce[M])(Ce[N]))

1+ bMCe[M]+ bNCe[N]+ (bMbMN + bNbNM)(Ce[M])(Ce[N])
(24)

where KMN is the equilibrium constant for metal ‘N’ with the
binding site that is already occupied with metal ‘M’, KNM the
equilibrium constant for the bonding of metal ‘M’ with the bind-
ing site already occupied with metal ‘N’, bMN and bNM the
affinity constants for metal ‘N’ with the binding site already
occupied with metal ‘M’, and for metal ‘M’ with the binding site
already occupied with metal ‘N’, respectively. Other parameters
have the same meanings as those mentioned in Model B.

2.4. Model verification
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with initial concentrations in the range of 0–3 mol m−3. Analyt-
ical grade heavy metal reagents (UNIVAR) in nitrate form were
used in all cases. For most experiments, pH of the synthetic

wastewater was controlled at 5± 0.2 using 0.1N nitric acid
(HNO3) and 0.1N sodium hydroxide (NaOH) solutions. The
mixtures were then mixed in a rotary shaker at a constant
rate of 150 rpm for 30 min to ensure the equilibrium state of
sorption [11]. The temperature of the solution was controlled
at 20± 1 ◦C. Suspended solids were separated out with GF/C
paper. Heavy metal ion concentrations in the filtrate were then
measured by ICP-AES with argon plasma. Experiments were
repeated at least three times to evaluate the accuracy of the
results.

The equilibrium sorption capacity can be calculated from Eq.
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Parameters employed to verify the model prediction were: (i)
he coefficient of determination (R2), (ii) average of %Error, and
iii) relative standard distribution (RSD) of %Error. These are
alculated from:

2 = 1−
∑N

i=1(qi − qc,i)2∑N
i=1(qi − q̄)2

(25.1)

i = 100×
∣∣∣∣qi − qc,i

qi

∣∣∣∣ (25.2)

verage of %Error (%) = 100×∑N
i=1Ei

N
(25.3)

SD of %Error (%) = 100×
√∑N

i=1(Ei − Ē)2

NĒ2 (25.4)

here qi is the actual sorption capacity at point i, qc,i the pre-
icted sorption capacity at the same point as qi, q̄ the average of
ctual sorption capacity from all experimental data, Ei the error
t point i, Ē the average of error from all experimental data, and
is the number of experimental data.

. Experimental

Caulerpa lentillifera is the residue green macro alga from
ocal shrimp farms in Chachoengsao province, Thailand. In
his work, this particular algal species was dried and used as
he biosorbent for the sorption of Cu2+, Cd2+, and Pb2+ ions
rom binary component systems (Pb2+–Cu2+, Pb2+–Cd2+, and
u2+–Cd2+) in batch experiments. The experiment was per-

ormed by mixing 0.5 g dried biomass in 30 mL of the synthetic
ixture of primary and secondary heavy metal ions solution
26):

e = V (Ci − Ce)

m
(26)

e represents the amount of metal uptaken per unit mass of the
iomass at equilibrium (mol kg−1), V the volume of the solution
m3), m the dry mass of the alga (kg), and Ci and Ce are the
nitial and equilibrium concentrations (mol m−3), respectively.

The pH of the wastewater was controlled at 1.5, 3, 4, and 5 to
nvestigate the effect of pH on the sorption of a single component
eavy metal system, i.e. Cu2+, Cd2+, and Pb2+ solutions.

. Results and discussion

.1. Model selection and interpretation

The parameter assessment for each binary system was
btained from the non-linear estimation using STATISTICA ver-
ion 6 and the results are summarized in Table 1. One obvious
nding from this parameter estimation was that the parame-

er b′ of Model B always had negative value which potentially
ndicated that the two heavy metal ions could not simultane-
usly bonded on the same binding site. Hence, the assumption
f uncompetitive sorption became insignificant and was there-
fter discarded from further consideration.

A high R2, low average of percentage error (average of
Error), and low relative standard deviation of percentage error

RSD of %Error) as shown in Table 1 for Model C suggested that
he predictions from this model conformed well to experimental
ata. Model A also performed well in this regards but a lower R2

han that of Model C meant that the accuracy of the predictions
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Table 1
Parameters of binary sorption isotherms

Metal
systema

Model qm ±
σqm (mol kg−1)

bM ±
σbM (m3 mol−1)

bN ±
σbN (m3 mol−1)

b′ ± σb′
(m3 mol−1)

bMN ±
σbMN (m3 mol−1)

bNM ±
σbNM (m3 mol−1)

Average
%Error (%)

RSD of
%Error (%)

R2

Pb2+–Cu2+ A 0.07 ± 0.004 44 ± 8.6 8 ± 1.3 – – – 22.8 21.7 0.80
B 0.09 ± 0.01 25 ± 4 4.8 ± 0.7 −54± 6 – – – – –
C 0.09 ± 0.01 25 ± 4 4.7 ± 0.5 – 1.3± 0.2 5.3± 1.3 16.5 21 0.89

Pb2+–Cd2+ A 0.09 ± 0.01 21 ± 6.2 1 ± 0.2 – – – 30.9 37.2 0.74
B 0.10 ± 0.01 24 ± 4.9 1.2 ± 0.1 −51± 8 – – – – –
C 0.11 ± 0.01 20 ± 4.5 0.9 ± 0.17 – 0.6± 0.25 11± 1.2 25.1 23.6 0.87

Cu2+–Cd2+ A 0.06 ± 0.01 10 ± 2.4 2.1 ± 0.4 – – – 37.4 57.5 0.68
B 0.09 ± 0.01 5 ± 1.4 1.2 ± 0.3 −7.8± 1.4 – – – – –
C 0.10 ± 0.01 4 ± 1.5 1 ± 0.3 – 1.4± 0.51 5.5± 0.49 31.7 46.6 0.78

a Primary metal (M)–secondary metal (N).

of Model C was superior. Hence, in the subsequent analysis of
the three-dimensional sorption isotherm surfaces, only Model C
was employed.

Figs. 1–3 illustrate the three-dimensional sorption isotherm
surfaces of the binary mixture. It was noticed that the pres-
ence of secondary metal ion in the system, most of the time,
resulted in a decrease in the sorption capacity of the pri-
mary metal. This antagonistic competitive effect was both
observed for the sorption capacity of each single metal ion
and for the total sorption capacity, particularly at high con-
centration range. This indicated that there was a competitive
sorption between the two metals on the surface of this algal
biomass. For example, the sorption capacity of Pb2+ was about
0.081 mol kg−1 in a single component system (at the equilibrium
concentration of 0.35 mol-Pb2+ m−3), but this was reduced to
approx. 0.071 mol-Pb2+ kg−1 (12% decrease) with the presence
of Cu2+ (at 0.1 mol-Cu2+ m−3 equilibrium concentration) And
vice versa, the sorption capacity of Cu2+ was about 0.056 mol-
Cu2+ kg−1 (at 0.35 mol-Cu2+ m−3 equilibrium concentration),
and this was reduced to 0.028 mol-Cu2+ kg−1 (49% decrease)
with the presence of Pb2+ at 0.1 mol m−3 equilibrium concen-
tration.

Table 2 summarizes the percentage reduction in the sorption
capacities of the primary metal ion when there was a secondary
metal ion presented in the system. It was interesting to note that
Pb2+ as secondary ions more effectively decreased the sorption
c
w

T
P
m

2

C
C
P

E
t

potentially implied that the sorption of Pb2+ by C. lentillifera
biomass was more favorable than the sorptions of the other two
metal ions. For the pair of Cu2+ and Cd2+, Table 2 illustrates
that the uptake of Cd2+ decreased more significantly with the
presence of Cu2+ than the uptake of Cu2+ with the presence
of Cd2+. This indicated that Cu2+ was more preferable to be
uptaken than Cd2+.

Figs. 1(c), 2(c), and 3(c) reveal that, at a low range of
equilibrium concentration for all mixtures, the total sorption
increased with the presence of the secondary metal ion. This
was due to large availability of binding sites and therefore
the competitive effect appeared to be insignificant. As more
metals were presented in the system, the availability of bind-
ing sites when compared with the metal became limited,
and hence, the competition among the metal ions was more
obvious.

Table 1 illustrates that the total sorption capacities, qm, were
approx. 0.09, 0.11, 0.10 mol kg−1 for Pb2+–Cu2+, Pb2+–Cd2+,
and Cu2+–Cd2+ binary mixtures, respectively. This indicated
that there was a limitation in the maximum sorption capaci-
ties at about 0.1 mol kg−1. In addition, it was observed that bM
and bN were always higher than bNM and bMN, For instance,
bPb2+ (24.56 m3 mol−1) in the Pb2+–Cu2+ system was higher
than bCu2+–Pb2+ (5.30 m3 mol−1) and bCu2+ (4.70 m3 mol−1)
higher than bPb2+–Cu2+ (1.30 m3 mol−1). Based on the model
a
t
t
a
b

4
p

s
i

q

apacity of Cu2+ than the effect of Cu2+ to Pb2+. Similar effect
as also observed for the mixture between Pb2+ and Cd2+. This

able 2
ercentage reduction in sorption capacity of primary metal ion (at Ce = 0.35
ol m−3) with the presence of secondary metal ion (at Ce = 0.1 mol m−3)

nd ion 1st ion

Cu2+ Cd2+ Pb2+

u2+ – 1.3± 1.2 12± 1.9
d2+ 6± 5.7 – 5.2± 2.3
b2+ 49± 7.6 26± 20 –

quilibrium concentrations (Ce) of primary and secondary metal ions were arbi-
rarily selected to illustrate the antagonistic effect.
ssumptions, this finding could lead to a potential supposition
hat metal ions showed higher sorption affinity in bonding with
he free binding site than with the binding sites occupied with
nother metal ion. In other words, the metal may not be easily
onded with the occupied binding sites.

.2. Partial competitive model in describing the effect of
H on metal sorption

The sorption isotherms of each metal ion in single component
ystem at pH 1.5, 3, 4, 5 could be modeled using Langmuir
sotherm as expressed in Eq. (27):

e = qmaxbCe

1+ bCe
(27)
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Fig. 1. Three-dimensional sorption isotherm surface for Pb2+–Cu2+ system. (a) Sorption capacity of Pb2+; (b) sorption capacity of Cu2+; (c) total sorption capacities
(Pb2+ + Cu2+).

where qe and Ce have the same meanings as those in Eq. (26),
qmax the maximum amount of metal ion uptaken per unit mass of
the biomass (mol kg−1), and b is the Langmuir affinity constant
(m3 mol−1). A non-linear regression of experimental results for
all three heavy metals was applied, and the resulting Langmuir
parameters are summarized in Table 3. It could be seen from
Table 3 that pH played an important role in the sorption of
heavy metal ions. The fundamental explanation was that pH
was inversely related to the quantity of positive charged hydro-
gen ion (proton). Therefore, a solution with lower pH would
accommodate a higher concentration of hydrogen ion than that
with higher pH. This proton could compete with the heavy metal
ion for the sorption on the available binding sites on the surface
of the alga, and hence, resulted in a decrease in sorption capac-
ity. This phenomenon could potentially be considered as a partial
competitive effect between the metal ion and the proton. It could
be that the metal ion could be attached on the free binding more
easily than proton, and that the metal ion could be attached on
the binding site pre-occupied by proton at a rate higher than
proton being attached on the binding site pre-occupied by metal
ion, and vice versa.

Table 3
Isotherm parameters for metal ion sorption by dried C. lentillifera

Metal ion pH Langmuir parameters,
qmax (mol kg−1), b
(m3 mol−1)

Accuracy (R2)

Pb2+ 5 0.14, 13.4 0.98
4 0.12, 5.8 0.97
3 0.08, 2.6 0.97
1.5 0.07, 0.8 0.91

Cu2+ 5 0.13, 2.7 0.98
4 0.1, 1.9 0.96
3 0.07, 1.1 0.97
1.5 0.05, 0.5 0.90

Cd2+ 5 0.042, 8.0 0.98
4 0.035, 2.6 0.95
3 0.022, 1.6 0.99
1.5 0.016, 1.7 0.96

4.2.1. Modified partial competitive model
Proton could be considered as another cation which interfered

the sorption. The reaction of proton on the binding site could
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Fig. 2. Three-dimensional sorption isotherm surface for Pb2+–Cd2+ system. (a) Sorption capacity of Pb2+; (b) sorption capacity of Cd2+; (c) total sorption capacity
(Pb2+ + Cd2+).

be demonstrated in a mathematical form as expressed in Eqs.
(16)–(21) where N was replaced with H+ (proton) and KN was
replaced with Ka (the acid dissociation equilibrium constant of
binding site). Thus, Eq. (23) can be rearranged to

qe = (qmax,MbM10pH + qmax,HMbHM10pKa )Ce

(1+ bMCe)10pH + (1+ bHMCe)10pKa + bMbMHCe
(28)

where pKa =−log Ka and pH =−log[H+], bM takes the same
meaning as that in Model C, qmax,M represents the maximum
sorption capacity of metal ion on the free binding site, qmax,HM
and bHM the maximum sorption capacity and affinity constant
of the metal ion on the binding site occupied by proton, respec-
tively, and bMH is the sorption affinity of proton on the binding
site already occupied by metal ion.

Eq. (28) demonstrates that the equilibrium sorption capacity
was a function of equilibrium concentration and equilibrium pH.
This model was used to fit experimental data using the non-linear
analysis where the model parameters are displayed in Table 4,
and the results are shown in Fig. 4.

The high R2 of more than 0.95 illustrated that the model
prediction agreed reasonably well with experimental data. This
indicated that the partial competitive model could be applied
for the prediction of pH effect on the sorption using C. lentil-
lifera. The results from Table 4 indicate that pKa of Cd2+ was
about 6 while that of Cu2+ and Pb2+ were about 4. This could
imply a different main sorption site for Cd2+ from those for Cu2+

and Pb2+. In addition, the maximum sorption capacity and sorp-
tion affinity of each metal on the free binding site (qmax,M, bM)
was always higher than those of metal on the same binding site
pre-occupied by proton (qmax,HM, bHM). This suggested that the
sorption of metal mainly occurred on the free binding site rather
than on the binding site already occupied by proton. However,
the later binding site could also be responsible for the sorption
of these metals but at different capacity and affinity. It could be
that the sorption of metal to this biomass was by physical means
such as electrostatic and van der waal’s force, and therefore the
sorption could occur on both free and proton-occupied binding
sites. In the same way, the sorption affinity of proton attached
on the binding site pre-occupied by metal ion (bMH) was always
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Fig. 3. Three-dimensional sorption isotherm surface for Cu2+–Cd2+ system. (a) Sorption capacity of Cu2+; (b) sorption capacity of Cd2+; (c) total sorption capacity
(Cu2+ + Cd2+).

lower than that of metal on both free and proton-occupied bind-
ing sites (bM, bHM). This suggested that proton might not be a
favorably positive charged species for the binding site in the alga
when compared with the metal ion species.

4.2.2. Prediction of qmax and b
It can be observed from Table 3 that the maximum sorp-

tion capacity (qmax) and sorption affinity (b) changed with pH.
Hence, the relationship between qmax and b, and pH must be
determined. This could be achieved using the following tech-
nique.

For single metal systems, Langmuir equation can be
expressed as in Eq. (27) where the maximum sorption capac-
ity qmax could be estimated from the limit theorem:

qmax = lim
Ce→∞

qe (29)

Similarly, the sorption affinity (b) could be determined by

lim
Ce→0

(
qe

Ce

)
= bqmax (30)

Table 4
Parameters of the pH prediction model

Metal qmax,M ±
σqmax,M (mol kg−1)

qmax,HM ±
σqmax,HM (mol kg−1)

bM ±
σbM (m3 mol−1)

bHM ±
σbHM (m3 mol−1)

bMH ±
σbMH (m3 mol−1)

pKa ± σpKa

(−)
Average
%Error (%)

RSD of
%Error (%)

R2

Pb2+ 0.13 ± 0.01 0.05 ± 0.00 19 ± 1.2 1.2 ± 0.20 0.09 ± 0.00 4.4 ± 0.5 15.5 22.5 0.98
Cu2+ 0.13 ± 0.02 0.04 ± 0.00 2.9 ± 0.5 0.7 ± 0.3 0.10 ± 0.01 4.1 ± 0.7 18.0 18.1 0.96
Cd2+ 0.044 ± 0.004 0.016 ± 0.003 80 ± 9.7 1.3 ± 0.4 0.10 ± 0.02 6 ± 0.8 17.7 15.5 0.96

M: metal ion, H: hydrogen ion.
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Fig. 4. Effect of pH on sorption capacity on C. lentillifera. (a) Pb2+; (b) Cu2+; (c) Cd2+.

Thus,

b =
lim

Ce→0
(qe/Ce)

qmax
=

lim
Ce→0

(qe/Ce)

lim
Ce→∞

qe
(31)

This concept could be applied to the partial competitive model
to predict the effect of pH on the sorption (Eq. (28)) and the
resulting expressions were obtained:

qmax (pH) = lim
Ce→∞

q = (qmax,MbM10pH + qmax,HMbHM10pKa )

bM10pH + bHM10pKa + bMbMH

(32)

b (pH) =
lim

Ce→0
[q/Ce]

qmax(pH)
= bM10pH + bHM10pKa + bMbMH

10pH + 10pKa

(33)

The results from applying Eqs. (32) and (33) in estimating the
effect of pH are demonstrated in Fig. 5 where agreement between
experimental data and model prediction was clearly observed.
The maximum sorption capacity and sorption affinity increased
with increasing pH following the S-shape curve. This meant that,
at low pH, the amount of protonated binding site was higher than
the unprotonated, and therefore resulting in low metal sorption
character. Increasing pH resulted in an increase in the quantity of
unprotonated binding sites, and hence, a higher metal sorption
was observed. As the sorption reached its equilibrium, a further
increase in pH no longer influenced the sorption characteristics
and the sorption capacity was leveled off.

4.3. Potential sorption characteristics for metal sorption

Our previous work on the examination of the alga with
FTIR revealed that possible functional groups involved in
metal biosorption using C. lentillifera biomass were carboxyl,
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Fig. 5. Relationships between Langmuir parameters (qmax and b) and pH.

hydroxyl, sulfonate, amine, and amide [12]. Details of these
functional groups are displayed in Table 5. This finding sug-
gested that the sulfonate group in the algal biomass with pKa of
about 1.3 could be responsible for the sorption of Cu2+, Cd2+,
and Pb2+ (as some experiments were carried out at pH as low
as 1.5). In addition, the hard and soft acid base (HSAB) the-
ory of Pearson stated that hard functional groups formed strong
bonds with hard cations, soft functional groups formed strong
bond with soft cations, whereas intermediate types could form
bonds with any type of metals. As Cu2+ and Pb2+ were clas-
sified as intermediate type, whilst Cd2+ was soft [13], Table 5
suggests that Cu2+ and Pb2+ could form bond with all func-
tional groups listed in this table while Cd2+ could mainly form
bond with amine and amide groups and had difficulty in form-
ing bonds with carboxyl, hydroxyl, and sulfonate groups. Due
to the limitation on the availability of binding sites for Cd2+,
this theoretical interpretation might explain the finding that the
sorption capacity of Cd2+ was always lower than those of Cu2+

Table 5
Detail of functional groupsa involved with metal biosorption by Caulerpa sp.

Functional group Structural formula pKa HSABb classification

Carboxyl 1.7–4.7 Hard

Hydroxyl –OH 9.5–13 Hard

Sulfonate 1.3 Hard

Amine –NH2 8–11 Intermediate

Amide – Intermediate

a Volesky [1].
b Hard and soft acid base theory of Pearson.
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and Pb2+ under the same operating conditions. In fact, Table 4
suggests that the actual binding site for Cd2+ might be amine
as, among all the functional groups presented in the alga, pKa
of amine (pKa = 8–11) was nearest to the pKa of the functional
group of Cd2+ (pKa = 6).

5. Conclusions

The studying of binary component biosorption model using
three concepts consist of competitive, uncompetitive, and partial
competitive sorption isotherm models suggested that the partial
competitive isotherm model could accurately predict the sorp-
tion performance. Antagonistic competitive effect was found
to occur for the sorption in binary component systems where
the sorption capacity of primary metal ion decreased with the
presence of the secondary metal ions. The maximum sorption
capacity of the pooled binding site of the two metal ions was
about 0.1 mol kg−1 for the binary component system. It was
also illustrated that the effect of pH on metal sorption on this
biomass could well be explained using a similar type of isotherm
model as that for the sorption of binary metal component sys-
tems. The experimental results matched with the HSAB theory
of Pearson where the maximum sorption capacity of Cd was
always found to be lower than those of Cu and Pb. The suc-
cess in developing a mathematical model for such sorption
s
s
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