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Batch experiments were conducted to assess the effects of Cu(II) and Zn(II) on the biosorption of Pb(II)
ions by fresh tissues of Myriophyllum spicatum. The biosorption of Pb(II) was examined for single, binary
and ternary solutions at different initial concentrations and different pH values. The experimental results
showed that the biosorption capacity increased with increasing pH from 2.0 to 6.0. Both Cu(II) and Zn(II)
ions were found to have an adverse effect on the biosorption of Pb(II). The biosorption equilibrium data for
single-metal solution were fitted to three isotherm models: Langmuir, Freundlich and Sips, and the Sips
iosorption
ompetitive biosorption
ead
quatic plant
angmuir competitive model

isotherm model gave the best fit for the experimental data. The maximum biosorption of Pb(II) in Pb–Cu
binary system decreased with increasing concentration of copper ions, and the biosorption equilibrium
data for the binary metal solution fitted the Langmuir competitive model well. Comparison between
biosorption of Pb(II) and Cu(II) by M. spicatum in the binary solution could lead to the conclusion that
the biosorbent (M. spicatum) has no preference of Pb(II) over Cu(II). Fourier transform infrared (FT-IR)
spectroscopy was used to characterize the interaction between M. spicatum and Pb(II) ions. The results

l, hyd
revealed that the carboxy

. Introduction

The contamination of the aquatic systems with toxic heavy
etal ions is a problem of global concern. In addition to their toxic

ffects even at low concentrations, heavy metals can accumulate
long the food chain which leads to serious ecological and health
azards as a result of their solubility and mobility. Lead, for exam-
le, has both acute and chronic effects in humans. It may cause
nemia, headache, chills, diarrhea and reduction in hemoglobin for-
ation. Lead poisoning causes severe damage to kidneys, nervous

ystem, reproductive system, liver and brain [1].
Over the past decade there has been increasing concern over the

evelopment of methods for recovery or treatment of heavy met-
ls to meet the changing environmental regulations worldwide.
he most commonly used techniques for removing heavy metals
rom wastewater include coagulation–precipitation, ion exchange,
lectrolytic extraction, filtration, complexation, reverse osmosis,

vaporation and sorption. However, many of these techniques
ave certain shortcomings including high operational cost, high
nergy requirements, incomplete removal and generating very
arge amount of sludge that requires disposal. For these reasons,
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roxyl and carbonyl groups are the main binding sites for Pb(II).
© 2010 Elsevier B.V. All rights reserved.

there is a need to develop low-cost processes where metal ions can
be removed economically.

Biosorption is the most widely used and low-cost alternative
technology for heavy metal removal. In recent years there has been
considerable interest in the use of sorbent materials, particularly
biosorbents [2] such as wheat straw [3], sonicated activated sludge
[4], tobacco dust [5], wheat shell [6], stalk waste [7], bael leaves [8],
agricultural by-products [9] and microbes [10]. Sorption by biomass
is now recognized as an alternative method for the treatment of
wastewaters containing heavy metals [11–15].

It has long been recognized that aquatic plants, both living
and dead, are heavy metal accumulators and, therefore, the use
of aquatic plants for the removal of heavy metals from wastewater
has gained a lot of attentions [16]. Some submerged aquatic plants
are invasive and can be seen generally in aquatic environments like
streams, littoral zones of the lakes, drainage systems and wetlands.
In China, agricultural areas are very large and drainage channel sys-
tems are common around the fields for irrigation. Myriophyllum
spicatum is a very common species in these drainage systems and
can be found throughout the year. Metal accumulation in M. spica-
tum [17,18] indicated that the species may be considered as useful
vehicles for the removal and recovery of heavy metal ions from

aqueous solutions.

Under most conditions, wastewater streams contain not one but
several kinds of metal ions. For instance, lead(II) and copper(II),
both of which have been reported to be serious environmental
pollutants are frequently existed in wastewaters from chemical,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:czyan@iue.ac.cn
mailto:Thomaskiki@yahoo.cn
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lumbing, fertilizer and battery manufacturing industries [19].
lthough much research information is available on the single-
etal biosorption, relatively less attention has been paid to the

iosorption of multi-metal-ion systems [20–26], and no general
rend was observed. Examining the effects of divalent cations in
arious combinations is more representative of the actual environ-
ental problems faced by organisms than the studies of a single
etal.
In this study, the sorption behavior of lead ion from aqueous

olution by using M. spicatum was studied by a set of experiments at
arious conditions, including contact time, solution pH, and effect
f copper(II) and zinc(II) ions. The prime objective of this study was
i) to examine the competitive interference effect of metal ions on
he biosorption of lead(II) by M. spicatum and (ii) to identify the

ain functional groups implicated in the interaction between M.
picatum and lead(II) by using Fourier transform infrared (FT-IR)
pectroscopy.

. Materials and methods

.1. Preparation of the plant biomass and chemicals

Submerged aquatic plant biomass (M. spicatum) was collected
ocally, and was cultivated in a greenhouse for two weeks before
xperiments. The apical part was cut out from the plant to obtain
resh and uniform surface area of the plant for sorption experi-

ents. The selected plant biomass was washed with diluted HCl
olution (3%) and then deionized water for three times in the labo-
atory before used.

Stocks of 1000 mg/L metal solutions were prepared using
b(NO3)2, Cu(NO3)2·3H2O, and Zn(NO3)2·6H2O (analytical grade)
n deionized water. Nitrate was chosen as the counter ion because
f its low tendency to form metal complexes. The solutions were
hen diluted to the desired concentrations and analyzed.

.2. Fourier transform infrared spectroscopy

FT-IR spectroscopy was used to detect vibration frequency
hanges in M. spicatum biomass before and after Pb(II) biosorption.
he spectra within the range of 4000–400 cm−1 were collected by
PerkinElmer spectrometer (Nicolet IS10, USA). The plant biomass
as oven-dried at 75 ◦C for 72 h. Specimens were first mixed with
Br and then ground in an agate mortar at an approximate ratio
f 1/200 for the preparation of pellets. The resulting mixture was
ressed with a pressure of 10 ton for 2 min. The background was
utomatically subtracted from the sample spectra.

.3. Batch experiments for single-ion situation

Experiments were carried out for single-metal solution, Pb(II).
or the fresh tissue of M. spicatum, a known amount (about 0.18 g,
ry weight) of plant biomass was mixed with 100 mL of metal solu-
ion in a 200 mL flask and placed on an orbital shaker (200 rpm) at
5 ± 1 ◦C. The batch sorption studies were conducted as follows:

Sorption kinetics study: Samples with initial Pb(II) concentra-
tion of 100 mg/L were taken at different time intervals, from 5 to
150 min. The initial pH was about 5.0.
The effect of pH: Each solution at initial Pb(II) concentrations of
100 mg/L with M. spicatum biomass (about 0.18 g, dry weight) was
shaken for 120 min. The initial pH value was adjusted to a desired

value, from 2.0 to 6.0, with 0.1 M HNO3 or 0.1 M NaOH (analytical
grade) using a precision pH meter (PHS-3C) before the addition of
plant biomass.
Sorption isotherms experiment: Each solution (100 mL) at initial
lead(II) concentrations of 10, 50, 100, 150, 200 and 250 mg/L with
aterials 179 (2010) 721–728

M. spicatum biomass (about 0.18 g, dry weight) was shaken for
120 min.

Clear solutions were then separated from the biomass by using
0.45 �m membrane filters and analyzed using an atomic adsorp-
tion spectrophotometer (Model SolaarM, Thermo Electron, USA).

2.4. Effect of competitive interference

Isotherm experiments were carried out at room temperature
(25 ± 1 ◦C) with initial pH of 5.0 for five metal solutions: Pb(II)
alone; Pb(II) with a constant concentration of Zn(II), 30 mg/L; Pb(II)
with a constant concentration of Cu(II), 30 mg/L; Pb(II) with con-
stant concentrations of both Cu(II) and Zn(II), 30 mg/L and Pb(II)
with variable concentration of Cu(II), 10–250 mg/L. In all cases, the
concentration of Pb(II) was varied from 10 to 250 mg/L and the
samples were placed on the shaker for a period of 120 min.

In order to characterize the interference by the Langmuir
competitive model, another experiment was carried out at room
temperature (25 ± 1 ◦C) with initial pH of 5.0 for three metal solu-
tions: Pb(II) with varies concentration of Cu(II), 10, 30 and 50 mg/L,
respectively. In all cases, the Pb(II) concentration was varied from
10 to 250 mg/L and the samples were placed on the shaker for a
period of 120 min.

2.5. Preferring sorption study

A 100 mL solution containing 100 mg/L of one of the metals ions,
Cu(II) or Pb(II), with about 0.18 g (dry weight) fresh tissue of M. spi-
catum was placed on the shaker for 120 min. The solution was then
given enough time (120 min) to settle, after which a 50 mL of the
clear solution was removed and replaced with 50 mL of 200 mg/L
of the other metal (the second metal ion). The new solution mix-
ture was shaken for another 120 min and clear solutions were then
taken for AAS analysis for both ions.

2.6. Analysis of experimental data

Biosorption values were calculated from the changes in solution
concentration using the equation:

q = V(Ci − Cf)
W

(1)

The percent removal (%) of metal ions was calculated using the
following equation:

Removal (%) = Ci − Cf

Ci
× 100 (2)

where q is the sorption values (mg/g), Ci and Cf the initial and final
concentrations (mg/L), V the volume of solution (L) and W the dry
weight of biosorbent (g).

All experiments were done in triplicate and the results
presented as mean values with standard deviations. Control experi-
ments were performed for metal ions to measure any sorption onto
the glassware. Neither precipitation nor sorption onto the wall of
the flasks was observed.

3. Results and discussion

3.1. FT-IR spectrum analysis

FT-IR was used to identify M. spicatum’s surface functional

groups responsible for binding Pb(II). The FT-IR spectra of Pb(II)
unloaded and loaded forms of the biosorbent in the range of
4000–400 cm−1 were taken and presented in Fig. 1. It could be
seen that the FT-IR spectra displays a number of absorption peaks,
indicating the complex nature of the biomass examined [27].
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qe
+ 1

qe2k
(4)

where the term qe
2k represents the initial sorption rate.
ig. 1. Fourier transform infrared absorption spectrum of M. spicatum: (a) native
nd (b) Pb(II) treated (Pb: 100 mg/L).

The FT-IR spectra of unloaded biomass showed sharp absorp-
ion at 3398 cm−1 (indicative of –OH and –NH2 groups), 2926 cm−1

indicative of C–H group). The absorption bands at 1654 cm−1

mainly C O stretch) indicative of the stretching band of the car-
onyl double bond (C O stretching band). The bands at 1425 cm−1

an be attributed to carboxylate ions. The strong band around
100–1000 cm−1 is due to the C–OH bond, which is a characteristic
eak for polysaccharides [28].

The absorption spectrum of Pb-loaded biomass was compared
ith that of the pristine biomass. The FT-IR spectrum for Pb-loaded

iosorbent showed the wave number and intensity of some peaks
ere shifted or substantially lower than those before biosorp-

ion, suggesting the functional groups play a significant role in
he binding of lead. Fig. 1 showed that the Pb-loaded M. spica-
um exhibited spectra with clear shifts of the carboxyl (bands at
407.72 cm−1), carbonyl (bands at 1629.61 cm−1) and hydroxyl
bands at 3372.26 cm−1) stretching band to lower frequency. This
hift is typical for the complexation of the groups by coordination
ith metal ions [28].

In order to further validate our spectroscopic observations con-
erning the changes occurred after the treatment of plant biomass
ith lead, we have calculated difference IR spectra between 800

nd 1400 cm−1 by the method suggested by Merroun [29] (FT-IR
pectrum of untreated plant biomass minus spectrum of biomass
xposed to lead). The results shown in Fig. 2 indicated the presence
f two absorption peaks. The peaks at 1020.36 and 874.89 cm−1 are
ttributed to the C–OH stretching and aromatic C–H bending vibra-
ions, respectively. On the basis of variations of the bands, it was
easonable to assume that the Pb(II) ions biosorption onto M. spica-
um should be chelated with the carboxyl, hydroxyl and carbonyl
roups. In addition, the disappearance of the band at 874.89 cm−1

ndicated that there was also clear possibly belonging to aromatic
rotons of the biosorbent indicating possibly the involvement of
romatic fatty acids in the biosorption of Pb(II). Similar FT-IR find-
ngs had been reported for the biosorption of lead(II) onto green
lgae [30] and chestnut shell [31].

.2. Biosorption kinetics for single-ion solution
Kinetic studies are necessary to determine the equilibration
ime for biosorption. Batch experiments have been carried out to
etermine the rate of lead biosorption by M. spicatum. It can be
bserved from Fig. 3 that the sorption rate is very fast initially, and
Fig. 2. FT-IR spectra of M. spicatum unexposed to lead minus spectra of exposed M.
spicatum (difference IR spectra).

about 66% of total lead is removed within 10 min. The biosorption
capacity reaches 85% of the equilibrium biosorption capacity within
10 min and the biosorption of lead reaches plateau value within
20 min. In order to ensure sorption equilibrium, contact time for
lead biosorption was chosen at 120 min in this study.

The biosorption kinetics was analyzed by applying the pseudo-
second order Lagergren rate equation, where the lead binding
capacity was assumed to be proportional to the number of active
sites occupied on the sorbent. The equation was given by Ho and
McKay [32]:

dqt

dt
= k(qe − qt)

2 (3)

where k is the equilibrium rate constant of pseudo-second
order sorption kinetics (g/mg min), qe the equilibrium biosorption
(mg/g), qt the amount of sorbate on sorbent at time t (mg/g).

Eq. (3) can be integrated and rearranged to give [33]:
Fig. 3. The effect of contact time on the biosorption of Pb(II) onto M. spica-
tum. (Temperature = 25 ◦C; pH 5.0; initial concentration = 100 mg/L; dry weight of
biomass = 0.18 g; and agitation velocity = 200 rpm.)
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Table 2
Isotherm constants for lead biosorption onto M. spicatum.

Isotherm Parameter R2

Langmuir B (L/mg) 0.12 0.989
qm (mg/g) 55.12

Freundlich aF 13.21 0.936
bF 0.29

between two lead molecules is negligible. The monolayer satura-

T
T

ig. 4. Pseudo-second order kinetics of the biosorption of Pb(II) onto M. spica-
um. (Temperature = 25 ◦C; pH 5.0; initial concentration = 100 mg/L; dry weight of
iomass = 0.18 g; and agitation velocity = 200 rpm.)

A plot of t/qt versus time was shown in Fig. 4. It was obvious that
he plot was a near perfect straight line with correlation coefficient
R2) of 0.9998. This clearly indicated that biosorption of lead by
. spicatum followed the pseudo-second order kinetics equation.

he values of qe (41.49 mg/g) and k (0.015 g/mg min) were calcu-
ated from the slope and intercept of the straight line. The value
f the calculated qe was in excellent agreement with that obtained
xperimentally (41.14 mg/g).

.3. Effect of initial pH on Pb(II) biosorption for single-ion solution

The pH of the metal solution influences significantly the biosorp-
ion process. Hydrogen ion affects the solubility of the metal ions in
he solution, replaces some of the positive ions found in the active
ites and affects the degree of ionization of the sorbate during the
eaction. Changes in solution pH can alter the chemical nature of
he functional groups on M. spicatum and then the metal sorption
apacity of the sorbent. Table 1 displayed lead biosorption onto
. spicatum as a function of solution pH. The removal efficiency of

ead ions was 37% at a solution pH of 2.0, and it increased when
olution pH increased from 2.0 to 5.0. At pH 5.0, the removal rate
as 76%. It showed that the sorption amount of lead rose markedly
ith increasing solution pH and that the sorption process was pH-
ependent. The rise in lead biosorption value with increasing pH
an be explained by the presence of a strong relation between
iosorption and the number of negatively charged sites, which is
ighly dependent on the dissociation of functional groups. It is
elieved that hydrogen ions compete with lead ions for the same
orption sites at low pH as proposed by many researchers [34,35].
t low pH values, protons occupy most of the biosorption sites on

he biosorbent surface and less lead ions could be sorbed because of
lectric repulsion with protons on biosorbent. When the pH values
ncreased, biosorbent surfaces were more negatively charged and

he biosorption of metal ions (positive charge) increased. It can be
bserved from Table 1 that the optimum pH range for lead bind-
ng is pH ≥ 5.0. Although the binding of Pb(II) was slightly higher
t higher pH, pH 5.0 was used in the following studies because

able 1
he effect of solution pH on Pb(II) biosorption onto M. spicatum.

Initial pH 2.0 3.0

Specific sorption (mg/g) 19.96 ± 0.85 35.82 ± 0.90
Sips aLF 0.11 0.994
KLF 10.40
nLF 0.79

wastewater containing heavy metals usually shows weak acidity
and lead ion hydrolyzes at higher pH.

3.4. Biosorption isotherms for single-ion situation

The most appropriate method for assessing biosorbent capacity
is the derivation of a whole sorption isotherm. The sorption data
can be analyzed using well-known equilibrium isotherms to obtain
some insight into the surface properties and affinity of the sorbent
as well as the sorption mechanism. Three of the most common
isotherm models (Langmuir, Freundlich and Sips isotherm model)
were used to analyze the experimental results.

The Langmuir equation is based on the assumption that all sites
possess equal affinity for the sorbate and a monolayer is formed
when the solid surface reaches saturation [36]. Langmuir equation
can be described as:

qe = qmbCe

1 + bCe
(5)

where Ce is the equilibrium concentration (mg/L), qe the amount of
metal ions sorbed (mg/g), qm is qe for a complete monolayer (mg/g),
b is a sorption equilibrium constant (L/mg).

The Freundlich model is an empirical equation based on sorption
on a heterogenous surface. It is given as:

qe = aFCbF
e (6)

where aF and bF are isotherm constants, respectively.
Combining Langmuir and Freundlich isotherms gives the Sips

isotherm. At low sorbate concentration, the Sips isotherm assumes
the form of the Freundlich model, while at high concentration,
it predicts a constant, monolayer sorption behavior similar to
that of the Langmuir isotherm [37]. It can be written in the
Langmuir–Freundlich forms as follows:

qe = KLFCnLFe
1 + (aLFCe)nLF

(7)

where KLF, nLF, and aLF are isotherm constants, respectively.
Experimental data for the single-metal solutions were fitted to

the three isotherm models, and all parameters were estimated by
non-linear regression (Table 2). The value of correlation coefficient
(R2 = 0.989) obtained for Langmuir isotherm strongly indicates that
the biosorption of Pb(II) onto M. spicatum follows monolayer cov-
erage of Pb(II) on the biomass surface and that the interaction
tion capacity (qm) is 55.12 mg/g (dry weight). The Sips isotherm
gave the best fit for the experimental data with correlation coeffi-
cient (R2) of 0.994. The Langmuir and Sips equations represent the
better fit of the experimental data than the Freundlich equation.

4.0 5.0 6.0

39.58 ± 0.76 41.21 ± 0.87 41.97 ± 0.54
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physicochemical properties of metals. It has been reported that in
general, the greater the atomic weight, electronegativity, electrode
potential and ionic size, the greater will be the affinity for sorption
[38,39]. Thus, in bimetallic or trimetallic combination, sorption of
ig. 5. Equilibrium isotherm data for Pb(II) in single, binary and ternary
olutions. (Temperature = 25 ◦C; pH 5.0; contact time = 120 min; dry weight of
iomass = 0.18 g; and agitation velocity = 200 rpm.)

.5. Effect of interference by metal ions

Interference by other ions may have a detrimental effect on the
iosorption of lead by M. spicatum. One of the major objectives of
his work is to examine whether competition among metal ions
an hinder the metal binding ability of M. spicatum. The experi-
ental data are shown in terms of sorption isotherms in Fig. 5.

t is clear from the figure that both Cu(II) and Zn(II) ions have
egative effect on the biosorption of Pb(II). In the single-ion sit-
ation, the maximum biosorption obtained at initial concentration
250 mg/L) of Pb(II) ions was found to be 51.72 ± 1.33 mg/g, while
he biosorption obtained in the binary metal solutions at the same
nitial concentration of Pb(II) ions and biosorption conditions, was
ound to be 46.18 ± 1.40 mg/g when concentration of Cu(II) ions
as 30 mg/L. The effect of Zn(II) ions on Pb(II) biosorption by M.

picatum was similar to that of Cu(II) ions (Fig. 5). The maximum
b(II) biosorption obtained at the same conditions was found to be
5.64 ± 0.68 mg/g when concentration of Zn(II) ions was 30 mg/L.
he competition posed by copper or zinc ions is apparent in binary
olutions. However, the biosorption of Pb(II) ions onto M. spica-
um in ternary solution seems to be the same to that in the binary
olutions. It may be attributed to the presence of Zn(II), which com-
etes with copper instead of lead. Copper and zinc are very similar

n molecular mass (63.57 and 65.38 g/mol), ionic radius (73 and
4 pm) and electronegativity (1.90 and 1.65 Pauling). These simi-

arities between the two metal ions enhance their competition for
he same active sites on the cell walls and consequently lessen the
ompetitive effect of each other on lead. It is a well-known fact
hat a fixed quantity of biosorbents (M. spicatum) could only offer a
nite number of surface binding sites which would be expected to
e saturated by the competing metal ions, especially at relatively
igh concentration of them. In addition, it was noteworthy that the
henomenon might not only result from the saturation of M. spica-
um biomass, but also be partly related to the ability of these metal
ons to compete for the biosorption sites [25].

The solubility of a metal is an essential property to enable the
etal ion to penetrate into the porous structure of M. spicatum.
lthough many species (PbOH+, Pb2OH3+, Pb(OH)4

2−, Pb(OH)3
−

2+
nd Pb ) can be viewed as potential sorbates in the biosorption of
ead ions from ternary solutions (Pb/Cu/Zn), the data presented in
his study suggest that, under experimental conditions (pHeq < 5.9)
see Fig. 6), the species responsible for the removal of lead ions is
he predominant one in the species distribution, namely the Pb(II)
Fig. 6. Concentration diagram of lead species in ternary metal solutions. (Concen-
tration of lead = 100 mg/L; concentration of copper = 30 mg/L; and concentration of
zinc = 30 mg/L.)

ions. Thus, sorption can be explained by elucidating the mechanism
whereby the Pb(II) ions are accommodated on the M. spicatum sur-
face. The negative effect of the presence of Cu(II) and Zn(II) on the
biosorption of lead by the plant biomass is due to the competitive
effect of these ions, but not to the low solubility of lead in these
ternary metal solutions.

It is obvious from Fig. 5 that for a binary solution with vari-
able Cu(II) concentrations, the lead binding capacity of M. spicatum
decreased to almost two third as compared to that of a solution
with a constant Cu(II) concentrations. This aspect was examined
further by conducted a set of experiments for a binary solution
containing constant Pb(II) concentration (100 mg/L) and variable
concentrations (10–150 mg/L) of Cu(II) or Zn(II). The results again
indicated that although Cu(II) or Zn(II) ions had an adverse effect
on the biosorption of Pb(II) in binary solutions, the effect of Cu(II)
is much more than that of Zn(II) (Fig. 7).

It is generally complicated to find a common rule to identify
how metal properties affect competitive sorption. The factors that
affect the binding of metal ions on materials largely depend on
Fig. 7. Effect of other ions on the biosorption of Pb(II) in a binary solu-
tion. (Initial Pb(II) concentration = 100 mg/L; temperature = 25 ◦C; pH 5.0; contact
time = 120 min; dry weight of biomass = 0.18 g; and agitation velocity = 200 rpm.)
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be reached within 20 min. The sorption and desorption data for
binary solution was shown in Table 4. The results showed that the
amount of initial sorption was almost the same (0.036 ± 0.005 and
0.035 ± 0.002 mmol). At the same time, the amount desorbed due to
ig. 8. Equilibrium isotherm data for Pb(II) in Pb–Cu binary solutions. (Temper-
ture = 25 ◦C; pH 5.0; contact time = 120 min; dry weight of biomass = 0.18 g; and
gitation velocity = 200 rpm.)

etals is a competitive process between ions in solution and those
orbed onto the biomass surface.

.6. Langmuir competitive model

In order to take into account the interference of copper ions on
ead biosorption by M. spicatum, sorption isotherm data for Pb(II)
n Pb–Cu binary solutions are presented in Fig. 8. It is showed that
he lead biosorption capacity for M. spicatum decreased with an
ncreasing concentration of copper ions.

A simple “one-site” Langmuir competitive model was tried to
redict the sorption isotherm in binary sorbate system which is
iven by [40]:

e = (qmax/K1)Ce1

1 + (1/K1)Ce1 + (1/K2)Ce2
(8)

here K1, K2 are the isotherm parameters (mmol/L), Ce1, Ce2 are
he equilibrium concentrations of metal ions (mmol/L).

The results of the non-linear regression analysis for copper com-
etitive interference on lead biosorption onto M. spicatum were
ummarized in Table 3. Comparison with the lead biosorption in
ingle-ion situation, it was shown that the Langmuir competitive
odel had good simulations with experimental data with correla-

ion coefficients (R2) of 0.984. The model gave good prediction for
max (0.26 mmol/g, namely 53.87 mg/g) with standard error (S.E.) of
.06 × 10−3. The coefficient of variation (C.V.) was less than 5%, indi-
ating that biosorption value predicted by the model was within
% of the average experimental value. The coefficients of varia-
ion of K1 and K2 were relatively high, this may attribute to the
ow values of K and K which indicated that the plant biomass
1 2
as great biosorption capacity for metal ions. The results were also
lotted in three-dimensional format using Matlab version 7.1 and
he resulting biosorption surface was shown in Fig. 9. Reasonable
t was evident in this case.

able 3
it results of the Langmuir competitive model for Pb–Cu binary system.

Parameter Value S.E. C.V.

qmax (mmol/g) 0.26 9.06e−3 3.48e−2
K1 (mmol/L) 2.09e−2 5.49e−3 2.63e−1
K2 (mmol/L) 8.66e−2 2.75e−2 3.18e−1
R2 0.984
Fig. 9. Three-dimensional biosorption surface showing model prediction (contin-
uous surface) and experimental data points. (Temperature = 25 ◦C; pH 5.0; contact
time = 120 min; dry weight of biomass = 0.18 g; and agitation velocity = 200 rpm.)

In order to further examine the model accuracy, comparison of
theoretical predictions with experimental values of Pb(II) biosorp-
tion was shown in Fig. 10. It was obvious that the values of qe

calculated by the Langmuir competitive model were in excellent
consistent with those obtained experimentally (except for four data
points, the other calculated data are very close to the experimental
data with deviations less than 10%). The results suggested that the
Langmuir competitive model was suitable to predict the sorption
isotherm in Pb–Cu binary sorbate system.

3.7. Preferring sorption

An important aspect of biosorption in binary metal solutions is
the preference by the biosorbent of one metal ion over another.
Due to the addition of the second metal ions, the firstly sorbed
ions would be replaced by the second metal ions from the bind-
ing sites. Sorption and desorption of heavy metal ions by the plant
biomass were found to occurred rapidly, and the equilibrium could
Fig. 10. Comparison of model predictions with experimental values of Pb(II)
biosorption. (Temperature = 25 ◦C; pH 5.0; contact time = 120 min; dry weight of
biomass = 0.18 g; and agitation velocity = 200 rpm.)
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Table 4
Sorption and desorption data for a binary solution, Cu(II) and Pb(II).

Cu(II) Pb(II)

Initial amount (mmol) 0.157 ± 0.01 0.048 ± 0.001
Initial sorption (mmol) 0.036 ± 0.005 0.035 ± 0.002
Amount desorbed (mmol) 0.014 ± 0.004 0.013 ± 0.001
Amount sorbed from other

metal (mmol)
0.031 ± 0.002 0.027 ± 0.001
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ig. 11. Equilibrium isotherm data for Pb(II) and Cu(II) at 25 ◦C in a binary
olution with equal initial concentration. (Temperature = 25 ◦C; pH 5.0; contact
ime = 120 min; dry weight of biomass = 0.18 g; and agitation velocity = 200 rpm.)

he addition of the second metal ions was almost the same for the
wo cases (0.014 ± 0.004 and 0.013 ± 0.001 mmol). However, the
mount sorbed from another metal was just slightly higher than
he amount desorbed. The difference between the desorbed and
dsorbed amounts could be attributed to the fact that the second
etal ion had a higher initial concentration and consequently the

riving force for sorption is higher. These findings obviously indi-
ated that the biosorbent has no preference for Cu(II) and Pb(II) in
pite of the differences in physicochemical property of metal ions.

Analysis of the equilibrium isotherm data for a binary solu-
ion containing equal initial concentration of Cu(II) and Pb(II) was
hown in Fig. 11. The isotherm showed that M. spicatum only had
slightly higher sorption capacity for copper ions. The preference
f the sorbent for one of the two ions may be expressed by the
eparation factor ˛A

B, which is defined by [41]:

A
B = qACB

qBCA
(9)

If the ion A is preferred, the factor ˛A
B is larger than unity, and

f B is preferred, the factor is less than unity. The separation fac-
or ˛Pb

Cu was calculated from equilibrium data at a pH of 5.0 and
e ≈ 0.5 mmol/L. The value was found to be unity, which proved
gain that the biosorbent (M. spicatum) has no preference of one
on over the other.

. Conclusions

Several batch experiments were carried out to examine the com-
etitive effect of Cu(II) and Zn(II) on the biosorption of lead(II)

y fresh tissues of M. spicatum. The experimental results showed
hat the biosorption of lead was adversely affected by low acidic
H values and the presence of high concentrations of other metal

ons. Equilibrium data of single-ions were fitted to three isotherm
odels, and the Sips isotherm model gave the best fit of the exper-

[

[

aterials 179 (2010) 721–728 727

imental data with correlation coefficient (R2) of 0.994. The lead
biosorption capacity for M. spicatum decreased with increasing
concentration of copper ions, and a simple Langmuir competitive
model has been shown to fit the experimental data well, with cor-
relation coefficient (R2) of 0.984. Comparison of theoretical and
experimental values of qe showed that the Langmuir competi-
tive model fit well with the experimental data. The interactions
between lead(II) and the functional groups on the biosorbent sur-
face were examined by FT-IR analysis, and the possible functional
groups responsible for the lead(II) binding were carboxyl, carbonyl
and hydroxyl groups. Overall, this study suggested that biosorption
of Pb(II) ions by M. spicatum can be an inexpensive and effective way
of metal-ion treatment. Current work in our laboratory is to address
the competition effects of metal co-ions on biosorption process and
to extend a mathematical model for biosorption of binary metal
systems.
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