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Abstract. The biosorption of Cu(II) ions on Cladophora crispata was investigated as a function of the initial pH,
temperature and initial Cu(II) ion concentration. Algal biomass exhibited the highest Cu(II) uptake capacity at 25◦C
and at the initial pH of 4.5. Equilibrium data fitted very well to both the Langmuir and Freundlich isotherm models.
The pseudo second order kinetic model was applied to describe the kinetic data and the rate constants were evaluated
in the studied concentration range of Cu(II) ions at all the temperatures studied. The experimental data fitted well
to the pseudo second order kinetic model with a high correlation coefficient (R2 > 0.99), which indicates that the
external mass transfer limitations in the system can be neglected and the chemical sorption is the rate-limiting step.
The pseudo second order kinetic constants were also used to calculate the activation energy of Cu(II) biosorption.
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Introduction

The sorption of heavy metal ions from aqueous solu-
tion plays an important role in water pollution con-
trol. Biosorption of heavy metals by microbial cells
has been recognized as a potential alternative to ex-
isting technologies for waste streams and natural wa-
ters. Many algae, yeasts, bacteria and other fungi are
known to be capable of concentrating metal species
from dilute aqueous solutions and accumulating them
within their cell structure (Tsezos and Volesky, 1981;
Darnall et al., 1986; Tsezos et al., 1988; Friis and
Myers-Keith, 1989; Ting et al., 1989; Aksu et al., 1992;
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Holan and Volesky, 1994; Chen and Ting, 1995; Özer
et al., 1999). Microorganisms are known to accumulate
metals by two distinct processes; (i) bioaccumulation,
an energy-dependent process, and (ii) biosorption, an
energy independent physical adsorption (Akthar et al.,
1995).

The term biosorption implies a direct interaction be-
tween the biosorbent and the metal sorbate. The diffu-
sion of the metal ion from the bulk solution to the mi-
croorganism active sites, in non-living biomass, occurs
predominantly by passive transport mechanisms. Ini-
tially, metal ions diffuse to the surface of the microbial
cell where they bind to the active sites on the cell sur-
face formed by the presence of various chemical groups
such as carboxylate, hydroxyl, amino and phosphate
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which exhibit affinity for the metal ions (Palmieri et al.,
2000). Generally, such adsorption is fast, reversible,
and not a limiting factor in bioremoval kinetics when
dealing with dispersed cells. Biosorption is often fol-
lowed by a slower binding process in which additional
component is bound, often irreversibly. Biosorption of
heavy metal ions to microorganisms is affected by sev-
eral factors including the specific surface properties of
the microorganism and the physico-chemical proper-
ties of the solution. Although the effects of pH, ini-
tial metal ion concentration, biomass concentration on
biosorption have been widely studied, processes which
occur are not completely understood, for instance, the
rate limiting step and the effect of temperature. Tem-
perature changes will affect a number of factors which
are important in heavy metal ion biosorption. Some
of the factors include: (i) the stability of the metal
ion species initially added to solution; (ii) the stabil-
ity of the microorganism-metal complex depending on
the biosorption sites; (iii) the effect of temperature
on the cell wall configuration of the microorganism;
(iv) the ionization of chemical moities on the cell wall
(Bedell and Darnall, 1990; Sağ and Kutsal, 2000).

The magnitude of the heat effect on the biosorp-
tion process is the most important criterion to de-
velop a thermodynamic and kinetic relationship for the
metal-microorganism interaction process. The sorption
kinetics describe the solute uptake rate which in turn
controls the residence time of sorbate uptake at the
solid-solution interface. Therefore, it is important to be
able to predict the rate at which pollutant is removed
from aqueous solutions in order to design appropriate
sorption treatment plants (Ho and McKay, 1999a).

In this study, the biosorption of Cu(II) ions to
Cladophora crispata was investigated as a function of
temperature and initial Cu(II) ion concentration and
then the experimental data were analyzed using the
pseudo second order adsorption kinetic model.

Equilibrium Modelling

The physico-chemical phenomenon of metal biosorp-
tion, based on adsorption, ion exchange, complexation
and/or micro precipitation, is relatively rapid and can
be reversible. Inactivated and/or thermally killed cells
have been shown to accumulate heavy metal ions to the
same or greater extent than growing or resting cells.
In this case metal ion binding to non-viable cells is
presumed to occur exclusively through surface adsorp-
tion. Several isotherm models were used to describe the

equilibrium between adsorbed metal ions on the algal
cell (qeq) and metal ions in solution (Ceq) at constant
temperature. The Langmuir isotherm equation is given
below:

qeq = [Qob Ceq]/[1 + b Ceq] (1)

where qeq is the adsorbed amount (mg g−1) at equilib-
rium, Ceq is the equilibrium concentration in the fluid
(mg L−1), Qo is the adsorption capacity (mg g−1) and
b is a constant related to the energy or net enthalpy of
adsorption (L mg−1). Qo represents a practical limiting
adsorption capacity when the surface is fully covered
with heavy metal ions and assists in the comparison
of adsorption performance, particularly in cases where
the sorbent did not reach its full saturation in experi-
ments. Qo and b can be determined from the linear plot
of 1/qeq versus 1/Ceq.

The well-known Freundlich isotherm used for
isothermal adsorption is a special case for heteroge-
neous surface energy in which the energy term in the
Langmuir equation varies as a function of surface cov-
erage strictly due to variation of the sorption. The
Freundlich equation is given as:

qeq = KF C1/n
eq (2)

where KF is roughly an indicator of the adsorption
capacity and 1/n of the adsorption intensity. KF and
1/n can be determined from the linear plot of ln (qeq)
versus ln (Ceq).

Kinetic Modelling

Several models can be used in order to investigate the
mechanism of biosorption and potential rate control-
ling steps such as mass transport and chemical reac-
tion processes. However, it is often incorrect to ap-
ply simple kinetic models such as first or second order
rate equations to a sorption system with solid surfaces
which are rarely homogeneous and because the effects
of transport phenomena and chemical reactions are of-
ten experimentally inseparable. Numerious studies re-
ported that the pseudo first-order Lagergren kinetics
and the pseudo second order kinetics were avaliable for
the sorption of metals (Ho and McKay, 1999a, 1999b,
2000; Aksu and Tezer, 2000; Aksu, 2001; Chiou and
Li, 2002).

The Lagergren rate equation was the first rate equa-
tion for the sorption of liquid/solid system based on
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solid capacity. The Lagergren rate equation is one of the
most widely used sorption rate equations for the sorp-
tion of a solute from a liquid solution (Ho and McKay,
1999a). Furthermore, in most cases the first-order equa-
tion of Lagergren does not fit well for the whole range
of contact time and is generally applicable over the ini-
tial 20–30 min of the sorption process (Ho and McKay,
1999a). On the contrary, the pseudo second order equa-
tion predicts the behaviour over the whole range of ad-
sorption and is in agreement with an adsorption mech-
anism being the rate controlling step (Ho and McKay,
1999a, 1999b). Ho and McKay (1999a) have conducted
a literature rewiev containing the use of sorbents and
biosorbents to treat polluted aqueous effluents contain-
ing dyes/organics or metal ions and they noted that the
highest correlation coefficients were obtained by us-
ing the pseudo second-order kinetic model for different
metal ion-sorbent systems. The results of the biosorp-
tion of Remazol Black B on dried R. arrhizus and the
biosorption of Cd(II) ion to C. vulgaris showed that the
uptake processes followed the pseudo second order rate
expression (Aksu and Tezer, 2000; Aksu, 2001). The
similar phenomena was also observed in adsorption of
reactive dye on cross-linked chitosan beats (Chiou and
Li, 2002). Therefore, the biosorption of Cu(II) ions to
C. crispata is modelled by using the pseudo second
order kinetic model rather than the pseudo first-order
kinetic model in this present study.

The two important aspects for parameter evaluation
of the adsorption study are the kinetics and the equi-
librium of adsorption. The mechanism involved in the
metal removal is assumed basically, to be complexation
and ion exchange. The simplest way to describe the ki-
netics of metal removal, in the absence of stoichiomet-
ric data, can be represented as (Anoop Krishnan and
Anirudhan, 2002):

S + M ⇔ M S (3)

where M represents the dissolved metal concentration,
S is the available surface sites and MS is the concen-
tration of metal bound to sorbent.

The reactions involving in pseudo second order are
greatly influenced by the amount of metal on the surface
of the adsorbent and the amount of metal adsorbed at
equilibrium. It means that the rate of reaction is directly
proportional to the number of active sites on the surface
of the adsorbent. The rate expression for the pseudo
second order reaction can be written as (Ho and McKay,

1999a; Anoop Krishnan and Anirudhan, 2002):

d(S)t/dt = k2ad[(S)o − (S)t ]
2 (4)

where (S)o and (S)t are the number of active sites occu-
pied on the adsorbent at initial time (t = 0) and at any
time t, respectively. In terms of adsorbed quantity, the
Eq. (4) can be rewritten as (Scott and Karanjkar, 1995;
Ho and McKay, 1999a, 1999b, 2000; Aksu and Tezer,
2000; Aksu, 2001; Anoop Krishnan and Anirudhan,
2002):

dq/dt = k2ad(qeq − q)2 (5)

where k2ad is the rate constant of sorption (g mg−1

min−1), qeq and q are the metal uptake per unit mass
of algae at equilibrium and at any time, respectively
(mg g−1). It is important to notice that for the applica-
tion of this model the experimental estimation of qeq is
not necessary (Cruz et al., 2004).

Rearranging Eq. (5) gives:

dq/[qeq − q]2 = k2ad dt (6)

Integrating this for the boundary conditions; at t = 0,
q = 0 and at t = t , q = q gives:

1/[qeq − q] = 1/qeq + k2ad t (7)

Equation (7) can be rearranged to obtain:

t/q = 1/k2ad q2
eq + t/qeq (8)

The plot of t/q versus t of Eq. (8) should give a linear
relationship, from which qeq and k2ad can be determined
from the slope and intercept of the plot.

The Determination of Activation Energy

The pseudo second order rate constant is expressed as
a function of temperature by the following Arrhenius
type relationship:

k2ad = ko exp[−E/RT] (9)

where ko is the temperature independent factor
(g mg−1 min−1), E is the activation energy of sorp-
tion (kJ mol−1), R is universal gas constant (8.314 J
mol−1 K−1) and T is the absolute temperature (K ).
The magnitude of activation energy may give an idea
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about the type of sorption. Two main types of adsorp-
tion may occur, physical and chemical. The activation
energy for physical adsorption is usually no more than
1 kcal gmol−1 (4.2 kJ mol−1) since the forces involved
in physical adsorption are weak (Treybal, 1980; Smith,
1981). Chemical adsorption is specific and involves
forces much stronger than in physical adsorption. So
the activation energy for chemical adsorption is of the
same magnitude as the heat of chemical reactions, 5
to 100 kcal mol−1 (21–420 kJ mol−1) (Treybal, 1980;
Smith, 1981). Two kinds of chemisorption are encoun-
tered: activated and, less frequently, nonactivated. Ac-
tivated chemisorption means that the rate varies with
temperature according to a finite activation energy in
the Arrhenius equation. However, in some systems
chemisorption occurs very rapidly, suggesting an ac-
tivation energy near zero. This is termed nonactivated
chemisorption.

Materials and Methods

Preparation of the Microorganism and Cu(II)
Solutions for Biosorption

Cladophora crispata, a species of green algae collected
from the irrigation water channels near Firat University,
Elaziğ, Turkey was used in this study. For the biosorp-
tion studies, the harvested fresh cells were rinsed with
tap water, washed several times with distilled water and
then inactivated in an oven at 90◦C for 24 h. A 10 g
L−1 of inactivated dried C. crispata was suspended in
double distilled water and homogenized for 45 min in
a Waring mixer.

The stock solution of copper(II) was prepared in 1.0
g L−1 concentration using CuSO4 and then diluted to
an appropiate amount. The pH of each solution was
adjusted to the required value with diluted or concen-
trated H2SO4 and NaOH solutions before mixing with
the algae solution.

Experimental

The experiments were conducted in 250 ml Erlenmayer
flasks containing 90 ml of Cu(II) solution and 10 ml
homogenized algae solution at the desired temperature
and pH. The flasks were agitated at 150 rev min−1 on a
shaker for 2 h, allowing ample time for adsorption equi-
librium. Samples (3 ml) were taken before mixing the
algae solution and metal-bearing solution and at pre-
determined time intervals (0, 5, 15, 30, 60, 120) for

determining the residual metal ion concentration in the
solution. The biomass was separated by centrifugation
from the medium and the concentration of Cu(II) ions
in the supernatant was measured by using an atomic ab-
sorption spectrophotometer, Perkin-Elmer 370 model.
To determine the biosorption isotherms, the initial
Cu(II) ion concentration was varied from 10 to 100
mg L−1 while the dry cell weight in each experiment
was held constant at 1.0 g L−1. Each experiment was re-
peated three times and the results are given as avarage.

Results and Discussion

The biosorption of Cu(II) ions to Cladophora crispata
was investigated as a function of initial pH, temperature
and initial Cu(II) ion concentration. The equilibrium
and kinetic results are given as units of adsorbed Cu(II)
quantity per gram of dried algae at any time (q, mg g−1),
equilibrium adsorbed Cu(II) quantity per gram of dried
algae (qeq, mg g−1) and unadsorbed Cu(II) concentra-
tion in solution at equilibrium, (Ceq, mg L−1).

The Equilibrium Studies

The Effect of Initial pH

pH is one of the most important environmental factors
influencing not only site dissociation, but also the so-
lution chemistry of the heavy metals: hydrolysis, com-
plexation by organic and/or inorganic ligands, redox
reactions, precipitation are strongly influenced by pH
and, on the other side, pH strongly influence the specia-
tion and the biosorption availability of the heavy metals
(Esposito et al., 2002). The variation of equilibrium up-
take with the initial pH at 25◦C was shown in Fig. 1. The
pH of adsorption media affected the equilibrium uptake

Figure 1. The effect of initial pH (Co = 200 mg L−1, temperature
25◦C, Xo; 1.0 g L−1).
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of Cu(II) ions to C. crispata and the optimum initial pH
was determined to be 4.5. The pH of adsorption me-
dia is related to the metal-adsorption mechanism onto
microorganism surfaces from water and reflects the na-
ture of the physicochemical interaction of both the ion
in solution and the nature of the cell adsorption sites.
At low pH values, the surface of adsorbent would also
be surrounded by hydronium ions which decrease the
copper interaction with binding sites of the C. crispata
by greater repulsive forces. As the pH increased, the
overall surface on the C. crispata became negative and
adsorption increased. After pH 6.0, insoluble copper
hydroxide starts precipitating from the solution, mak-
ing true sorption studies impossible. Therefore, at these
pH values, both adsorption and precipitation are the ef-
fective mechanisms to remove the copper(II) in aque-
ous solution. This type of behaviour had been observed
for other hydrolyzable metals also (Mathialagon and
Viraraghavan, 2002). The metal cations in aqua solu-
tion convert to different hydrolysis products. Elliot and
Huang (1981) investigated the hydrolysis products of
copper as a function pH (Elliott and Huang, 1981).
Their results show that the dominant species of copper
at the range 3–5 of pH are Cu2+ and CuOH+, while the
copper at above 6.3 occurs as insoluble Cu(OH)2 (s)
(Elliott and Huang, 1981; Asmal et al., 1998). In our
study, these copper cations at around pH 4.5 would be
expected to interact more strongly with the negatively
charged binding sites in C. crispata. As a result, the op-
timum pH for copper(II) adsorption was found as 4.5
and the other adsorption experiments were performed
at this pH value.

The Effect of Temperature

The equilibrium uptake of Cu(II) ions to C. crispata
was also affected by the temperature (Fig. 2). The

Figure 2. The effect of temperature (Co = 200 mg L−1, Xo; 1.0 g
L−1, initial pH 4.5).

amount of the adsorbed metal ion per unit mass passes
through a maximum at 25◦C and then begins to de-
crease with increasing temperature from 25 to 50◦C.
An increase of the temperature in the interval 15–25◦C
deals with an increase in the adsorption capacity of C.
crispata at equilibrium. The decrease of the equilib-
rium uptakes in the range of 25–50◦C means that the
biosorption process of Cu(II) ions is exothermic. Sim-
ilar temperature effect on the adsorption trend has also
been shown in the case of sorption of cadmium onto
chitin (Benguella and Benaissa, 2002).

The Effect of the Initial Copper(II) Ion Concentration

The rate of adsorption is a function of initial metal ion
concentration. The uptake values (mg Cu (g algae)−1)
for copper(II) adsorption onto C. crispata are given in
Fig. 3 as a function of time at 50, 100 and 200 mg L−1

of the initial copper(II) concentrations. It can be no-
ticed that after an equilibrium time of 30 min, no more
copper(II) was adsorbed for all the initial copper(II) ion
concentrations. The uptake values were found as 26.7
mg/g for 50 mg/L and 55.4 mg/g for 200 mg L−1 ini-
tial copper(II) ion concentrations. The uptake amounts
increased with increasing initial metal ion concentra-
tions as a result of the increase in the driving force
(�C). A plot of final versus initial copper(II) ion con-
centration in solution was also presented in Fig. 4. As
seen from Fig. 4, the saturation plateau is reached at
200 mg/L and did not change with further increment
in initial copper(II) ion concentration, suggesting that
available sites on the biosorbent are the limiting factor
for copper(II) biosorption.

Figure 3. The effect of the initial copper(II) ion concentration
(T = 25◦C, Xo; 1.0 g L−1, initial pH 4.5).
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Figure 4. The variation of final concentration with initial copper(II)
ion concentration.

The percent adsorption of copper(II) ions on C.
crispata decreased from 50 to 28% as the initial cop-
per(II) ion concentration was increased from 50 to 200
mg L−1 at 25◦C. The percent adsorption at higher con-
centration levels shows a decreasing trend whereas the
equilibrium uptake of copper(II) displays an opposite
trend (Table 3). At lower concentrations, all copper(II)
ions present in solution could interact with the bind-
ing sites and thus the percent adsorption were higher
than those at higher initial copper(II) ion concentra-
tions. At higher concentrations, lower adsorption yield
is due to the saturation of adsorption sites. As a result,
the purification yield can be increased by diluting the
wastewaters containing high metal ion concentrations.

Equilibrium Isotherms

The linearized Freundlich and Langmuir adsorption
isotherms of Cu(II) ions obtained at temperatures of 15,
25 and 35◦C are given in Figs. 5 and 6, respectively. The
KF , n, Qo and b values evaluated from the isotherms at
different temperatures with the correlation coefficients
are also presented in Table 1. The highest KF value
was found as 3.78 at 25◦C. The magnitude of KF and

Table 1. A comparison of constants obtained from the Freundlich
and Langmuir adsorption isotherms of Cu(II) ions at different
temperatures.

Temperature Qo b
(◦C) K F 1/n n R2 (mg g−1) (L mg−1) R2

15 1.859 0.57 1.754 0.992 31.0 0.0248 0.99

25 3.781 0.55 1.818 0.990 57.5 0.0270 0.99

35 2.293 0.58 1.724 0.998 35.2 0.0320 0.98

Figure 5. Freundlich isotherms at different temperatures (Xo;
1.0 g L−1, initial pH 4.5).

Figure 6. The Langmuir isotherms at different temperatures (Xo;
1.0 g L−1, initial pH 4.5).

n shows easy separation of metal ions from wastewa-
ter and also indicates favorable adsorption. If adsorp-
tion is favorable, then 1/n < 1.0 or n > 1.0 (Treybal,
1980). For Cu(II) adsorption, the values of 1/n calcu-
lated from Freundlich isotherms at different tempera-
tures were found to be very close to each other. The
adsorption intensity was not affected by changing the
temperature of adsorption medium.

The highest Qo value was determined as 57.5 mg g−1

(1.03 mmol g−1) at optimum temperature. A compar-
ison of the the maximum capacity, Qo, of C. crispata
with those of some other adsorbents reported in liter-
ature is given in Table 2. The adsorption capacity of
C. crispata was relatively high when compared with
other adsorbents. Differences of metal uptake are due
to the properties of each biosorbent /adsorbent such as
structure, functional groups and surface area. At 25◦C
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Table 2. Uptake capacities for copper(II) of various adsorbents.

Adsorbent Qo (mmol g−1)

Vaucheria sp. (Christ et al., 1981) 0.60

R. arrhizus (Tobin et al., 1984) 0.25

A. oryzae (Huang et al., 1991) 0.07

C. vulgaris (Aksu et al., 1992) 0.67

Z. ramigera (Aksu et al., 1992) 0.46

Lignite (Allen and Brown, 1995) 0.10

S. fuitans (Kratochvil et al., 1995) 0.96

P. aeruginosa (Chang et al., 1997) 0.30

S. cerevisiae (Özer and Özer, 1998) 1.26

Peat (Ho and McKay, 1999) 0.198

P. chrysosporium (Say et al., 2001) 0.47

Padina sp. (Kaewsarn, 2002) 0.80

C. crispata (This study) 1.03

Figure 7. The graphically comparison of the experimental and cal-
culated equilibrium data (T = 25◦C, Xo; 1.0 g L−1, initial pH 4.5).

and initial pH 4.5, the experimental and calculated qeq

values by using Eqs. (1) and (2) (constants obtained
from the linear form of the Langmuir and Freundlich
isotherm models) versus experimental Ceq were also
plotted and the graphically compared in Fig. 7. The ex-
perimental data for copper(II) ions were in good agree-
ment with those calculated by the Langmuir and Fre-
undlich models. Figure 7 also indicated that the experi-
mental and calculated values of qeq were closer to each
other at low copper(II) ion concentrations than higher
ones.

Kinetic Model Studies

In this part, the pseudo second order kinetic equa-
tion was applied to the experimental data in order to
investigate the biosorption mechanism of Cu(II) ions

Figure 8. The variation of t/q versus t for different initial copper(II)
concentrations.

Figure 9. The variation of t/q versus t for copper(II) ions at dif-
ferent temperatures.

and potential rate controlling steps such as mass trans-
port and chemical reaction processes. Figures 8 and 9
show the plots of the linearized form of the pseudo sec-
ond order model for the biosorption of Cu(II) ions onto
C. crispata at various temperatures and initial Cu(II)
ion concentrations, respectively. The values of the k2ad,
experimental and calculated qeq, and correlation coef-
ficients are presented in Table 3. qeq and k2ad values
increased up to 25◦C and then decreased with further
increase in temperature.The temperature optima ob-
tained from the pseudo second order kinetic model con-
firmed the experimental optimum temperature (Fig. 2).
As seen from Table 3, the values of rate constant were
found to increase from 9.3×10−3 to 6.1×10−2 g mg−1

min−1, for a decrease in the initial Cu(II) ion concen-
tration from 200 mg L−1 to 50 mg L−1. The decrease in
k2ad values with an increase in metal concentration is
a common phenomena observed with variety of adsor-
bents such as chitosan and 2-mercaptobenzimidazole-
clay, moss peat, activated carbon and cross-linked
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Table 3. A comparison of the pseudo second order rate constants,
experimental qeq values and correlation coefficients for the various
initial copper(II) concentrations and temperatures.

Temperature Co qeq,exp qeq,cal k2ad × 103

(◦C) (mg L−1) (mg g−1) (mg g−1) (g mg−1 min−1) R2

20 200 41.38 42.73 6.8 0.9967

25 50 25.00 25.36 61 0.9989

100 36.81 36.76 35 0.9997

200∗ 55.42∗ 54.95∗ 9.3∗ 0.9960∗

30 200 44.77 46.51 8.6 0.9921

35 200 41.67 42.74 6.2 0.9975

40 200 37.15 38.61 4.7 0.9957

50 200 34.09 35.84 3.2 0.9931

∗The results of the variation with temperature.

chitosan bead used for the adsorption of Hg(II), Ni(II),
Cr(VI) and reactive dye, respectively (Anoop Krishnan
and Anirudhan, 2002; Manohar et al., 2002; Chiou
and Li, 2002). There are many factors which can con-
tribute to this sorbate concentration effect on rate of
adsorption. Increasing the metal concentration in so-
lution seems to reduce the diffusion of metal ions in
the boundary layer and to enhance the diffusion in
the solid (Anoop Krishnan and Anirudhan, 2002). It
was observed that the pseudo second-order rate con-
stants increased up to 25◦C and then decreased with
further increase in temperature. Also, the experimental
equilibrium data for Cu(II) ions are in good agreement
with those calculated using the pseudo second order
kinetics (Table 3). In accordance, it has also been re-
ported that, in the study of biosorption of Cd(II) ions
to C. vulgaris, the experimental equilibrium Cd(II) up-
take values agreed very well with the theoritical val-
ues in the case of pseudo second order kinetics (Aksu,
2001).

The correlation coefficients for the pseudo second
order rate law were obtained greater than 0.99 for all
the initial concentrations and temperatures for contact
times of 120 min. These results suggest that the Cu(II)-
C. crispata biosorption system is well described by the
pseudo second order model, based on the assumption
that the rate limiting step may be chemisorption in-
volving valency forces through sharing or exchange of
electrons between sorbent and sorbate.

The Activation Energy for Cu(II) Biosorption

The activation energy of Cu(II) ions onto C. crispata
were calculated by using pseudo second order kinetic

Figure 10. Determination of the activation energy.

constants. The activation energy was obtained by cal-
culating the slope of the plot of ln k2ad versus 1/T . The
activation energy for the biosorption of Cu(II) ions onto
C. crispata were calculated for two regions (Fig. 10).
In the first region, the straight line with negative slope
was obtained up to 25◦C for which the activation en-
ergy was determined as 51.5 kJ mol−1 (R2 = 1). In the
second region, the activation energy for the tempera-
ture range of 25–50◦C was found to be −35 kJ mol−1

(R2 = 0.9787). The observed activation energy values
for the biosorption of copper(II) ions were of the same
magnitude as the heat of chemisorption. An increase
in the adsorption of Cu(II) ions by C. crispata deals
with an increase in the uptake capacity of C. crispata
up to 25◦C and then followed by an exothermic uptake
process with further increase in temperature.

Conclusion

The biosorption of Cu(II) ions to Cladophora crispata
was studied in a batch system with respect to the initial
pH, temperature and the initial Cu(II) ion concentra-
tion. The pH, the initial metal ion concentration and
temperature affected the equilibrium uptake of Cu(II)
ions to C. crispata and the optimum initial pH, the ini-
tial copper(II) ion concentration and temperature were
determined as 4.5, 200 mg L−1 and 25◦C, respectively.
The Langmuir and Freundlich adsorption models were
applied to describe the experimental isotherms and
isotherm constants. Equilibrium data fitted very well
to both the Langmuir and Freundlich isotherm models.
The maximum biosorption capacity of algal biomass
was determined as 1.03 mmol g−1. A comparison of
sorption capacity of C. crispata with those obtained in
the literature for the adsorption of Cu(II) ions on some



Equilibrium and Kinetic Modelling of the Biosorption of Copper(II) Ions 325

other biosorbents and adsorbents also showed that C.
crispata is more effective for this purpose.

The pseudo second order model was used to de-
scribe the kinetic data and the rate constants were eval-
uated. The results indicated that the experimental data
fitted very well to this kinetic model. This suggests
that the rate-limiting step may be the chemical ad-
sorption but not the mass transport. The pseudo sec-
ond kinetic parameters obtained can be used to de-
termine equilibrium sorption capacity, percent metal
ion removal, rate constants and initial sorption rate for
bioreactor design. It may be useful to apply such sim-
ple kinetic models to a well agitated batch biosorp-
tion system consisting of free cell suspension neclect-
ing external film diffusion. The results show that an
increase in the adsorption of Cu(II) ions deals with
an increase in the uptake capacity of C. crispata
with increasing temperature up to 25◦C and then fol-
lowed by an exothermic uptake process at higher
temperatures.

Consequently, the dried C. crispata is succesfully
used as adsorbing agent and especially has a high ad-
sorption capacity for Cu(II) ions.

Nomenclature

b Constant related to the energy or net
enthalpy of adsorption (L mg−1)

Ceq The concentration in the solution (mg L−1)
Co The initial metal ion concentration in the

solution (mg L−1)
E The activation energy of sorption (kJ mol−1)
KF Freundlich adsorption constant (indicator of

adsorption capacity)
ko The temperature independent factor

(g mg−1 min−1)
k2ad The rate constant of sorption (g mg−1 min−1)
M The dissolved metal concentration (mg L−1)
MS The concentration of metal bound to sorbent

(mg L−1)
n Freundlich adsorption constant

(adsorption intensity)
qeq The metal uptake per unit mass of algae at

equilibrium (mg g−1)
q The metal uptake per unit mass of algae at

any time (mg g−1)
Qo The adsorption capacity (mg g−1)
R Universal gas constant (8.314 kJ mol−1 K−1)
R2 Correlation coefficient
S The available surface sites

(S)o The number of active sites occupied on the
adsorbent at initial time (t = 0)

(S)t The number of active sites occupied on the
adsorbent at any time t

t Time (min)
T Solution temperature (◦C, K)
Xo The initial biomass concentration in the

solution (g L−1)
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