
World Applied Sciences Journal 16 (3): 465-473, 2012
ISSN 1818-4952
© IDOSI Publications, 2012

Correction Author: Khairia M. Al-Qahtani, Department of Chemistry, 
Princess Nora Bint Abdel-Rahman University, Riyadh, Saudi Arabia.

465

Biosorption of Binary Mixtures of Heavy Metals by Medicago Sativa

Khairia M. Al-Qahtani

Department of Chemistry, Princess Nora Bint Abdel-Rahman University, Riyadh, Saudi Arabia

Abstract: An experiment was conducted to study the adsorption capacity of Medicago sativa biomass for
selected metals as copper (Cu ), cadmium (Cd ), cobalt (Co ) and iron (Fe ) in a single and binary system as+2 +2 +2 +2

well. Results indicated that the adsorption capacity of selected biomass for the binary mixture was always lower
than that for the single component system. The adsorption isotherm of selected metals on Medicago sativa in
a single system was tested using two isotherm models. Both the Langmuir and Freundlich models were suitable
for describing adsorption process with a better fit with Freundlich model. The adsorption of binary mixture of
selected metals onto the surface of the Medicago sativa was found to be of competitive type whereas the
adsorption capacity for each single metal decreased by 10-40% in the presence of the others. The removal
percentage of selected metals on Medicago sativa biomass was in the order of Fe  > Cu  > Co  > Cd  in both+2 +2 +2 +2

single and binary systems with antagonistic relationship between Fe  and other selected metals. It was+2

concluded that the interactions betweem metals in mixture may be of importance as the antagonistic interactions
contribute negatively to the accumulation of heavy metals in waste water discharges. That is of great concern
in the design of adsorption system in real wastewater treatment plant. 
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INTRODUCTION antagonistic action was claimed to be the competition for

Heavy metals are among the major concerns in second metal. In the examination of the biosorption of
wastewater treatment. Heavy metals are often derived Cu  and Zn  by Cymodocea nodosa, Sanchez et al. [4]
from heavy industry, such as electroplating and battery stated that there was a competition between the two metal
factories. The treatment of this type of wastewater species and Cu  was preferentially adsorbed by this
involves high cost techniques such as ion exchange, biomass. Singh et al. [5] studied the multi-metals
evaporation, precipitation, membrane separation etc. combination between Ni  and Cr  by Microcystis sp.
However, these common techniques are too expensive to They found that Ni  sorption capacity by this biomass
treat low levels of heavy metal in wastewater [1]. was higher than that of Cr  as the binding sites in the
Therefore a low cost biosorption process using algae as biomass had a greater affinity for Ni Caulerpa
an adsorbent has lately been introduced as an alternative lentillifera is a marine macro alga commonly found in
method [2]. Although actual wastewater treatment culture ponds. It uptakes and keeps a balance of nitrogen
systems often have to deal with a mixture of heavy metals, compounds in the culture system [6]. However, its rapid
most research work still only focuses on a single metal growth necessitates a regular removal of the excess
sorption. Only a few works on the adsorption of a mixture quantity. Hence, there is a need for the management of
of heavy metals were found in literature. For instance, Sag this overabundance of the algal mass. Previous work [7]
and Kutsal [3] investigated the competitive biosorption of illustrated the possibility of using this dried alga for the
Cr  and Fe  by Rhizopus arrhizus and reported that biosorption of heavy metal ions in an aqueous solution+6 +3

instantaneous, equilibrium and maximum uptakes of Cr for a single solute system and it was shown that this alga6+

and Fe  were reduced by increasing concentration of could be employed for the sorption of Cd , Cu , Pb  and3+

other metals. The combined action of competitive uptake Zn  in mixture. The purpose of this research was
of Cr  and Fe  by Rhizopus arrhizus was generally found therefore  to  investigate  the  biosorption  of  Cd ,  Co ,+6 +3

to be antagonistic. The most logical reason for the Cu   and  Fe   to  dried  biomass  of  Medicago  sativa.

sorption site on the cell and/or the screening effect by the
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Batch adsorption process has been used to evaluate the Couple Plasma Atomic Emission Spectroscopy (ICP-AES)
maximum  adsorption  capacity of selected plant biomass from Varian supplier. All the experiments are duplicated
to investigate its applicability to remove the selected and only the mean values are reported. The maximum
metals from aqueous solutions with different deviation observed was less than 5%. The removal
concentrations simulating waste water. Also this work is efficiency of each metal was calculate according to the
therefore to investigate the competitive sorption of following equation: 
Medicago  sativa with aqueous binary mixtures of Cu ,+2

Cd , Co  and Fe . (1)+2 +2 +2

MATERIALS AND METHODS Whereas

Preparation of Biosorbent: A cabbage vegetable, each element, respectively
Medicago sativa, was collected from Almohiesn farm in The amount of each metal adsorbed at equilibrium on
El-Kharj province, Riyadh, Saudi Arabia. This plant was to Medicago sativa, q  (mg g ), was calculated by the
used as a biosorbent for the removal of heavy metals following mass balance relationship:
under investigation. The plant was washed with de-
ionized water and oven-dried at 80°C for 24 hours, (2)
grounding in a ball mill and sieved to particle size in the
range 0.3-0.6 mm. Whereas

Solubility Tests: The selected metals under investigation solid phase concentrations of each element, respectively,
were Cu , Cd , Co  and Fe  Analytical grade heavy V is the volume of the solution (l) and W is the mass of+2 +2 +2 +2

metal reagents (MERCK) in nitrate form were used in all dry adsorbent used (g).
cases. The pH adjustments were done using 0.1N nitric
acid (HNO ) and 0.1N sodium hydroxide (NaOH) Biosorption for Binary Component HeavyMetal Solution:3

solutions. Firstly, the solubility of heavy metals at The adsorption experiment for binary metal mixtures was
different pH levels was determined. The synthetic carried out in a similar fashion to the single metal cases.
wastewaters were prepared from 100 mg/l of heavy metal Two metals were selected from the four selected metals,
stock solutions. The pH of the solutions was adjusted i.e. Cu, Cd, Co and Fe, with the following combinations:
and controlled in the range of 4-7. Cu-Cd, Cu-Co, Cu-Fe, Cd-Cu, Cd-Co, Cd-Fe, Co-Cu, Co-

Biosorption of Single Component Heavy Metal Solution: was then prepared with a primary metal concentration
Adsorption isotherm was performed in a set of Erlenmeyer fixed at 50 mg/l. and the secondary metal concentration
flasks (250 ml) whereas solutions of single component of varied from 10, 25 and 50 mg/l. 
selected metals (30 ml) with different initial concentrations
(varied from 10-50 mg.L ) were placed in these flasks. RESULTS AND DISCUSSION1

The pH was adjusted to 5, by adding either few drops of
diluted hydrochloric acid or sodium hydroxide, to ensure Solubility Tests: It has been accepted that many
that metals were presented in dissolved form [8]. The biosorbents have high uptake capacities for heavy metals
mixtures were mixed slowly in a rotary shaker at an at high pH [2,9]. However, metal precipitation also takes
agitation rate of 200 rpm and kept in room temperature (25 place at high pH and this would interfere with theo

C) for three hours and the amount of metals adsorbed adsorption process as it could lead to the
were determined. The effect of time on the adsorption misinterpretation of the adsorption capacity (Table 1).
process was carried out for different initial concentrations Therefore, it is important to identify a suitable pH for the
using equal mass of 0.5 g of Medicago sativa. Similar adsorption of each metal. In this work, the suitable pH
procedure was followed for another flask containing the was defined as the highest pH at which all four heavy
same metal concentration without plant biomass to be metals were still in dissolved form. Thus, all further
used as a blank. The clear solutions were analyzed for experiments were performed at pH = 5 ± 0.2 to ensure that
residual heavy metals concentrations by Inductively metals were presented in dissolved form.

C and C  (mg l ) are the initial and final concentration ofF
1

e
1

C  and C  (mg l ) are the initial and equilibrium liquid-o e
1

Cd, Co-Fe, Fe-Cu, Fe-Cd and Fe-Co. The mixture solution
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Table 1: pH level for the precipitation of the heavy Metals

Metal pH

Cu >6

Cd >6.3

Co >6.5

Fe >6.5

Fig. 1: Relationship between removal efficiency and initial
concentration of selected heavy metals

Adsorption Isotherm Investigation of Single Component
Heavy Metal Solution: The adsorption of Cd , Co , Cu+2 +2 +2

and Fe  onto Medicago sativa at different initial+2

concentrations from 10 to 50 mg l  were studied and the1

results were represented by Fig 1. It was shown that the
percentage elements removal decreased as the initial
concentrations of elements increased which clearly
indicate that the adsorption of elements from its aqueous
solution was dependent on its initial concentration. This
can be explained by the fact that all the adsorbents had a
limited number of active sites, which would have become
saturated above certain concentration. Increase of the
initial metal concentration results in a decrease in the
initial rate of external diffusion and increase in the intra-
particle [10,11]. In the process of Cd , Co , Cu  and Fe+2 +2 +2 +2

adsorption, first metal ions have to encounter the
boundary layer effect and then diffuse from boundary
layer film onto plant biomass and finally, it has to diffuse
into the porous structure of it. These phenomena will take
relatively longer contact time. Among the four metals, the
biomass exhibited the lowest adsorption efficiency for
Cd from 40 to 28% for lower and higher concentration.+2

The removal efficiencies for the other three metals were in
a similar range of about 56-60% at concentration (10 mg/l)
and from 41-48 % at concentration (50 mg/l).

The equilibrium study on the adsorption has under investigation on Medicago sativa follows the
provided sufficient information on the capacity of the
adsorption [12]. The  adsorption  isotherm  indicates  how

the adsorbed molecules distribute between the liquid
phase and the solid phase when the adsorption process
reaches equilibrium state [13]. Also, an adsorption
isotherm is characterized by certain constant values that
express the surface properties and affinity of the
adsorbent and can also be used to compare the
adsorptive capacities of the adsorbent for different
pollutants. The analysis of equilibrium adsorption data by
fitting them to different isotherm models is an important
step in finding a suitable model that can be used for
design purposes [14]. To establish the adsorption
capacity of plant biomass under investigation, various
isotherm equations have been tested in the present study.
The adsorption isotherm study is carried out on two well-
known isotherms, Freundlich and Langmuir [15,16]. 

Langmuir Isotherm: The Langmuir isotherm [16] has
been used extensively by many authors for the adsorption
of heavy metals, dyes, organic pollutant and gases onto
activated carbon, clay, agriculture wastes, etc. It is valid
for monolayer adsorption on specific homogenous sites
containing a finite number of identical sites and it
assumes uniform energies of adsorption on the surface
and no transmigration of sorbate in the plane of the
surface [17]. The Langmuir isotherm model estimates the
maximum adsorption capacity produced from complete
monolayer coverage on the adsorbent surface. The non-
linear equation of Langmuir isotherm model can be
expressed in the following form: 

(3)

Which can be represented in the following linear
form:

(4)

Whereas C  is the equilibrium concentration of thee

adsorbate (Cd , Cu , Co , Fe ) (mg.L ), q  the amount+2 +2 +2 +2 1
e

of adsorbate adsorbed at equilibrium per unit mass of
adsorbent (mg.g ) and Q  and b are Langmuir constants1

o

related to monolayer adsorption capacity and affinity of
adsorbent towards adsorbate, respectively. When C /qe e

was  plotted  against  C ,  straight  line  with  slop  1/ Qe o

was obtained for all metals in each concentration (Fig 2).
This  indicated  that   the   adsorption   of   all  metals

Langmuir   isotherm   with   good   fit   of  experimental
data   and   high   correlation   coefficients,   R   (Table  2).2
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Table 2: Langmuir and freundlish isotherm for Cd , Cu ,Co  and Fe+2 +2 +2 +2

adsorption on Medicago sativa at 25°C
Langmuir isotherm Cu Co Cd Fe
Qo (mg/g) 2127 2000 1449 2439
b (l/mg) 0.039 0.04 0.03 0.018
R2 0.91 0.93 0.98 0.91
RL 0.0119 0.0123 0.0223 0.0222
Freudlich isotherm Cu Co Cd Fe
kf (mg/g) 139 124 69 126
1/n (l/mg) 0.616 0.633 0.667 0.702
R2 0.991 0.992 0.999 0.986

Fig. 2: Linearized Langmuir adsorption isotherm for all
elements with Medicago sativa with different
equilibrium concentrations.

The Langmuir constants ‘b’ and ‘Q  ‘were calculated fromo

this isotherm and their values are also given in table 2.
The monolayer maximum adsorption capacity (Q ) foro

Cd , Cu ,Co  and Fe  are 1449, 2127, 2000 and 2439,+2 +2 +2 +2

respectively.
Conformation of the experimental data into Langmuir

isotherm model indicates the homogenous nature of
Medicago sativa surface, i-e each molecule of Medicago
sativa has equal adsorption activation energy. 

The essential characteristics of Langmuir isotherm
can be expressed in terms of dimensionless constant
called the separation factor or equilibrium parameter (R ),L

which is defined by the following equation [18]: 

(5)

Whereas b is the Langmuir constant and C  is the initialo

concentration of each element. The value of R  indicatesL

the type of the isotherm to be either unfavorable (R >1),L

linear (R  = 1), favorable (0 <R < 1) or irreversible (R =0).L L L

In the present research, values of R  was found to be inL

the range of (0 <R < 1) as indicated in table 2. ThisL

confirmed that Medicago sativa is favorable for
adsorption of all studied elements under conditions used
in this study. Freundlich isotherm 

Fig. 3: Linearzed Freundlich adsorption isotherm for all
metals with Medicago sativa with different
equilibrium concentrations. 

The Freundlich isotherm theory is the first known
relationship explains the adsorption process [15]. It
describes that the ratio of the amount of solute adsorbed
onto a given mass of sorbent to the concentration of the
solute in the solution is not constant at different
concentrations. Freundlich isotherm equation is
applicable to the adsorption on heterogeneous surfaces
with interaction between adsorbed molecules and it can
employed to describe the heterogeneous system and may
be written as follow: 

(6)

Whereas KF is the Freundlich constant indicative of the
relative adsorption capacity of the adsorbent related to
the bonding energy and can be defined as the adsorption
or distribution coefficient. It represent the quantity of
element adsorbed onto adsorbent for unit equilibrium
concentration. The constant “n” gives an indication of
how favourable the adsorption processes. The slop 1/n is
a measure of adsorption intensity or surface
heterogeneity that represents the deviation from linearity
of adsorption as follows: if the value of 1/n =1, the
adsorption is linear, 1/n < 1, the adsorption process is
chemical, if 1/n > 1, the adsorption is a favorable physical
process and adsorption is cooperative [17]. Equation (5)
can be linearized via logarithms in the form of Equation (7)
and the constants can be determined. 

(7)

Fig 3. represents the plot of log (q ) versus log (C )e e

with the intercept value of log K  and the slope of 1/n (allF

values are represented by Table 2). The correlation
coefficients,  R  > 0.99, obtained from  Freundlich model is2
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comparable to that obtained from Langmuir model linear
form. This results indicates that the experimental data
fitted well to Freundlich model and the value 1/n >1,
indicating that the adsorption is a favorable physical
process [17]. However, it signifies that the surface of the
plant biomass under investigation is heterogenous in
nature and corresponds to the L-type of normal Langmuir
isotherm [19,20]. 

Biosorption of heavy metal ions with different
concentrations using different adsorbent materials were Fig. 4: Relationship between removal efficiency Cu  as
studied. Biosorption of Cu  and Cd  were carried out primary metal In presence of Cd , Co  and Fe  as+2 +2

using waste activated sludge from municipal sewage secondary metals
treatment plant as adsorption material [21]. The results
indicate that the removal rates of Cu and Cd  with low+2 +2

concentration are 96.47 and 90%, respectively. Also, they
found that the Freundlich model fits better for these
elements, using intermittent operation, than Langmuir
model and the sorption capacity of the sludge for Cu  is+2

preferential to the other ion. The biosorption research
done by Ozdemir et al. [22] using a gram negative
bacterium Pantoea sp. TEM18 to remove Cr , Cd  and+6 +2

Cu  indicated that the biosorption capacity of biomass+2

increased first with increasing of the initial concentration Fig. 5: Relationship between removal efficiency Cd  as
of metal ions till reached the saturated value for each primary metal In presence of Cu , Co  and Fe  as
element. Moreover, both the Freundlich and Langmuir secondary metals
adsorption models were suitable for describing the short
term biosorption of selected elements by Pantoea sp. different  plant  species.  Hence,  the  toxic   effects   of
TEM18. Cu  can be reduced by the addition of Fe . However, in

Biosorption for Binary Mixtures of Cd , Cu ,Co  and their removal percent. Kaewsarn [26] investigated the+2 +2 +2

Fe : The extent of occurrence of heavy metal interactions effect of other heavy metal ions on Cu  uptake by+2

and, especially their distribution in the plant parts is a Durvilaea potatorum. He reported that Cu  uptake was
matter that depends on the kind of the plant and the significantly affected by other heavy metals (Ag , Mn ,
synergistic or antagonistic behavior of the interacting Co , Ni , Zn , Fe , Cd , Pb ) and EDTA because the
heavy metals [23]. The interactions can either be “ two- metal binding sites on the biosorbent were limited, so
way:, that is, the interacting elements can mutually affect these ions competed simultaneously for the site. The
each other’s concentration, by increasing or decreasing amount of suppression for Cu  uptake depended on the
the level of either of the elements involved, or of “one- affinity of these ions for binding sites and binding
way”, by decreasing or increasing the level  of  only  one strength of the respective heavy metal ions to the
of the interacting elements, the effect being non mutual biosorbent.
[24]. In this research, the removal percentage of selected As shown in fig 5. whereas Cd  is the primary
elements in the different system binary mixture was component, there was an inhibitory effect exerted from
illustrated in figs (4-7). Fig 4. Illustrates the effect of Cu other metals on Cd  in the order of Fe  >Co >Cu . This+2

as a primary component and Cd , Co  and Fe  as indicated that the binding sites for Cd  might not be the+2 +2 +2

secondary component. It was investigated the same as those for Fe , Co  and Cu  and the adsorption
competitive biosorption of Fe  by Medicago sativa of Fe  was more favorable than Cd for Medicago sativa.+2

whereas removal percent of Cu  was reduced to reach In case of Cd -Co  system it was anticipated that the two+2

about 10% by increasing concentration of other metals metals competed for the some binding site. Kabata-
(Cd , Co ). According to Pendias [25], Fe  can reduce Pendias and Pendias [25] found that Cu -Cd  interaction+2 +2 +2

Cu   adsorption  and  the  optimal  Cu/Fe  ratio  varies  for are both antagonistic. +2

+2

+2 +2 +2

+2

+2 +2 +2

+2 +2

case of Cd  and Co , the results indicated that Cu  lower+2 +2 +2
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Fig. 6: Relationship between removal efficiency Co  as The removal percent of Fe , as a primary element and+2

primary metal In presence of Cd , Cu  and Fe  as other elements was shown in Fig. 7. According to Kabata-+2 +2 +2

secondary metals Pendias and Pendias [25], the interaction between several

Fig. 7: Relationship between removal efficiency Fe  as authors found that the high levels of Fe  compounds in+2

primary metal In presence of Cd , Cu  and Co growth media result in decreasing uptake of several trace+2 +2 +2

as secondary metals metals mainly, Mn , Ni  and Co .

The interaction between Co , as a primary element+2

and other elements was illustrated by fig 6. Cobalt has
been found to interact with many elements [27], and it is
antagonistically related with Cd , as at low and medium+2

concentrations (10-25) it suppresses its uptake. Moreover,
it may synergistically be associated with Cd  (at high+2

concentration) due to the biphasic mechanism involved in
the Co xCd  interrelationship [28]. On the contrary, Cu+2 +2 +2

and Fe have been found to interact antagonistically with+2

Co .+2

+2

elements may determine the availability of Fe  to humans.+2

In this research, antagonistic relationships have been
observed between Fe  on one hand and Cd , Co  and+2 +2 +2

Cu on the other hand (Fig 7). The interaction between+2

Fe  and Cu  is complex and is associated with oxidation-+2 +2

reduction processes. These results agreed with Kabata-
Pendias and Pendias [25]. They reported that interaction
between Fe  and other trace elements (as Cd , Zn ,+2 +2 +2

Mn , Pb , Co  and P ) are very complex and may occur+2 +2 +2 +2

within plants as well as plant surfaces. In most cases
these are antagonistic interrelationships. Also, the same

+2

+2 +2 +2

Table 3: Total sorption capacity for binary mixture of heavy metal solution A: Cu  as primary heavy metal+2

Binary System (q in mg Medicago sativa)
q Cu  for single system ----------------------------------------------------------------------------------------------------------------------+2

Mixture (mg Medicago sativa) q Cu (q ) q secondary metal (q ) Total q (q + q )1 2 1 2

Cu  with Cd 1192 561 92 653+2 +2

Cu  with Co 1192 570 182 752+2 +2

Cu  with Fe 1192 546 576 1122+2 +2

B: Cd  as primary heavy metal+2

Binary System (q in m g Medicago sativa)
q Cd  for single system ----------------------------------------------------------------------------------------------------------------------+2

Mixture (mg Medicago sativa) q Cd (q ) q secondary metal (q ) Total q (q + q )1 2 1 2

Cd  with Cu 779 152 190 342+2 +2

Cd  with Co 779 122 140 262+2 +2

Cd  with Fe 779 72 600 672+2 +2

C: Co  as primary heavy metal+2

Binary System (q in mg Medicago sativa)
q Co  for single system ------------------------------------------------------------------------------------------------------------------+2

Mixture (mg Medicago sativa) q Co (q ) q secondary metal (q ) Total q (q  + q )1 2 1 2

Co  with Cu 1138 448 354 802+2 +2

Co  with Cd 1138 196 104 300+2 +2

Co  with Fe 1138 916 968 1884+2 +2

D: Fe  as primary heavy metal+2

Binary System (q in mg Medicago sativa)
q Co  for single system ------------------------------------------------------------------------------------------------------------------+2

Mixture (mg Medicago sativa) q Co (q ) q secondary metal (q ) Total q (q  + q )1 2 1 2

Fe  with Cu 1367 1156 242 1390+2 +2

Fe  with Cd 1367 1304 92 1396+2 +2

Fe  with Co 1367 1389 550 1939+2 +2
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Isotherm of Binary Component Heavy Metal: Table 3 CONCLUSION
summarizes the total adsorption capacities of single
component heavy metals compared with binary
component heavy metals. It can be observed from this
table that the adsorption capacity of the Medicago sativa
for the binary mixture was always lower than that for the
single component system. For instance, in the case
whereas Cu  was set as a primary component and Cd ,+2 +2

Co  or Fe  as secondary components, the adsorption+2 +2

capacity for Cu  on the Medicago sativa was only about+2

29.8, 32.7, and 29.2 %, respectively, of the capacity
obtained when the solution only contained Cu  ion. This+2

indicated strongly that there was a competitive adsorption
of these four metals on the surface of the Medicago
sativa. The total adsorption capacity for the heavy metals
seemed to be lower in the binary mixture cases than the
single component system. This comparison can be
achieved by adding the number of moles of all metals
adsorbed on the surface of the Medicago sativa. The
second column in table 3 illustrates the adsorption
capacity for the single component system whereas the
last column represents the total combined adsorption
capacity for the binary systems. It can be seen that, most
of the time, the total adsorption capacity was lower for the
binary system than the single component. This led to a
conclusion that there was also an inhibitory effect exerted
from one heavy metal to the other [29]. There were only
exceptions for the adsorptions of Co  with Fe where the+2

total adsorption capacities for the binary mixture were not
less than the single component case. Overall adsorption
capacity for the mixture of Co  and Fe was found to be+2

higher than the adsorption for Co  alone and higher than+2

the adsorption of Fe  in a single component system. For+2

the case of Fe  with Cu , Co  and Cd  was found to be+2 +2 +2 +2

higher than the adsorption for Fe  alone and higher than+2

the adsorption of Cu , Co  and Cd  in a single+2 +2 +2

component system. 
The toxic effects of Cu  can be decreased by the+2

addition of Fe . However, a synergistic effect of Cu  on+2 +2

Fe absorption by rice seedlings was reported by+2

Kitagishi and Yamane [30]. Cu -Cd  interactions are+2 +2

reported by some others as both antagonistic and
synergistic in the element uptake by roots. Synergism may
be a second effect of the damage to membranes due to the
imbalanced proportions of the metals. Cd  compounds+2

are known to be isotopic with corresponding compounds
of such cations as Zn , Co , Ni , Fe , Mg , and, in+2 +2 +2 +2 +2

some cases, of Ca . Cd -Cu  interactions are also+2 +2 +2

complex. The inhibitory effect of Cu  on Cd  absorption+2 +2

is reported most often [25]. 

This  work  demonstrated  the  biosorption  of a
single  system  as  well as binary mixture of selected
metals (Cu , Cd , Co  and Fe ) on Medicago sativa+2 +2 +2 +2

biomass. The results suggested that the adsorption
capacity of the Medicago sativa for the binary mixture
was always lower than that for the single component
system. Moreover, a competitive adsorption for the binary
mixture solution as the adsorption capacity for the primary
heavy metal often dropped with the introduction of the
secondary heavy metal. In the single system, the
Medicago sativa biomass was found to have the lowest
adsorption capacity for Cd  whereas Co  and Fe  were+2 +2 +2

the highest adsorbed species among the four. The results
from this work indicated that there was a complex
interaction between different metals in the biosorption
processes. This finding is highly important for the design
of the adsorption system for the actual wastewater
containing a mixture of heavy metals as it provided the
adsorption characteristics of the binary component
mixture.
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