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TERNARY BIOSORPTION EQUILIBRIA OF
CHROMIUM(VI), COPPER(II), AND

CADMIUM(II) ON RHIZOPUS ARRHIZUS

Yeşim Sağ,* Burak Akçael, and Tülin Kutsal

Department of Chemical Engineering, Hacettepe

University, Beytepe, Ankara, Turkey

ABSTRACT

A process of competitive biosorption of Cr(VI), Cu(II), and Cd(II)

ions to Rhizopus arrhizus from ternary mixtures was described.

Three-dimensional biosorption isotherm surfaces were used to

evaluate the three-metal biosorption system performance.

Triangular equilibrium diagrams, which could incorporate all

the experimental data of the ternary system, were also constructed.

The multimetal biosorption equilibria were described by the

multicomponent Langmuir and Freundlich models. Of the two

models examined, the Langmuir-type model showed the best fit

for the three-metal biosorption data, whereas the Freundlich-type

multicomponent model did not adequately describe the biosorp-

tion results of Cr(VI) ions on R. arrhizus from ternary mixtures.

The multimetal biosorption results indicated that Cr(VI) and

Cu(II) significantly inhibited the biosorption of Cd(II). The

Cr(VI)+Cu(II)+Cd(II) combination showed synergistic inter-

action on the biosorption of Cr(VI) ions.
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Three-metal system

INTRODUCTION

Biosorption, the passive non-metabolically mediated process of metal ion

binding by living or dead biomass, may serve as a means for purifying industrial

waste waters that contain toxic heavy metal ions. Up to now, the research on

biosorption of heavy metals has mainly focused on either the adsorption

efficiencies and equilibria for different biosorbent materials or the development

of batch or continuous biosorption processes (1–5). However, relatively less

work has been done to elucidate the details of the biosorption behavior in

multimetal systems, which are normally the composition of industrial effluents.

Waste waters from plating rinse and bright dip baths contain concentrations

ranging over 73–2310 mg L21 Cr(VI), 20–120 mg L21 Cu(II), and 0.1–

158 mg L21 Cd(II); 10 000–50 000 mg L21 Cr(VI), 7–44 mg L21 Cu(II), and

2000–5000 mg L21 Cd(II), respectively. Paint manufacturing, ink formulating

and dye house waste waters contain Cr(VI), Cu(II), and Cd(II) concentrations

ranging from 0.4 to 300 mg L21 Cr(VI), 0 to 100 mg L21 Cu(II), and 0 to

0.81 mg L21 Cd(II) (6).

As mentioned above, very often, there is more than one metal in the

solution and, in this case, the assessment of the biosorption performance

becomes more complicated, requiring the use of multicomponent isotherm

equations (7–10). Two-metal biosorption studies are particularly important

for assessing the degree of interference with a biosorption process of

common metal ions in wastewaters (11,12). Graphically, two-metal

biosorption equilibria can be represented by adding another concentration

axis to the conventional biosorption–isotherm plot, and then the isotherm

curve will become a three-dimensional biosorption–isotherm surface (13–

15). Although this method can be extended to represent three-metal

biosorption equilibria, another graphical representation which could

incorporate all the experimental data of the ternary system is desirable (8).

In this study, the applicabilities of the multicomponent adsorption models to

the competitive biosorption equilibria of Cr(VI)–Cu(II)–Cd(II) on R. arrhizus

were tested. Three-dimensional biosorption isotherm surfaces were created by

using an appropriate multicomponent adsorption model. Triangular equili-

brium diagrams were constructed. Finally, quantitative details of selective

biosorption were discussed in terms of the extent of selectivity or the relative

surface coverage of each coadsorbate during selective biosorption.
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EXPERIMENTAL

Microorganism, Growth Conditions and Preparation of

Microorganism for Biosorption

The culture used in this study was the filamentous fungus R. arrhizus

(US Department of Agriculture culture collection strain no. NRRL 2286). R.

arrhizus was grown aerobically in batch culture at 308C in complex medium as

described previously (11). After the growth period (96 hr), R. arrhizus was

washed twice with distilled water, inactivated using 1% formaldehyde, and

then dried at 708C for 24 hr. For biosorption studies, 1.0 g of dried cells were

suspended in 100 mL of distilled water and homogenized for 20 min in a

homogenizer at 8000 rpm.

Preparation of Biosorption Media Containing Single and Ternary
Metal Ions and Biosorption Studies

Cu(II), Cr(VI), and Cd(II) solutions were prepared by diluting 0.02 M of

stock solutions of copper(II) and chromium(VI) and 0.01 M of stock solution of

cadmium(II), obtained by dissolving anhydrous CuSO4, K2Cr2O7 or CdSO4
:8H2O

in distilled water, respectively. To determine the single-component isotherms,

initial metal ion concentrations of Cr(VI), Cu(II), and Cd(II) ions were varied over

the 514–4170, 437–3325 and 228–2905mmol L21 ranges, respectively while the

dry cell weight in each sample was constant at 1.0 g L21. To obtain the required

molar ratios, the chosen initial metal ion concentration range for Cr(VI)–Cu(II)

and Cd(II) ions corresponds to 25–200 and 50–325 mg L21, respectively, on the

basis of weight. pH was adjusted to 2.5 and 4.0 by adding 1.0 M of H2SO4.

To determine multicomponent adsorption isotherms, the initial concen-

trations of Cd(II) ions were varied between 444 and 3018mmol L21 while the

Cr(VI) and Cu(II) ion concentrations in each metal mixture were held constant

over the 527–2902 and 326–2511mmol L21 ranges, respectively. The chosen

initial metal ion concentration range for Cr(VI)–Cu(II) and Cd(II) ions

corresponds to 25–150 and 50–325 mg L21, respectively, on the basis of weight.

Before the solutions were mixed with the fungal suspension, pH was adjusted to

4.0 by adding 1.0 M of H2SO4.

The fungal suspension (20 mL) was mixed with 180 mL of the desired

metal solution in an Erlenmeyer flask. The flasks were agitated on a shaker at

258C for 48 hr, which was sufficiently long for adsorption equilibrium. Agitation

rate was 150 rpm. Standard batch biosorption equilibrium methodology applied

has been described elsewhere (11,16).
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Measurement of Heavy Metal Ions

The concentration of unadsorbed Cr(VI) and Cu(II) ions in the biosorption

medium was determined spectrophotometrically. The colored complexes of

Cr(VI) ions with diphenyl carbazide and Cu(II) ions with sodium diethyl

dithiocarbamate were read at 540 and 460 nm, respectively (17). The

concentration of unadsorbed Cd(II) ions in the sample supernatant was

determined using an atomic absorption spectrophotometer (ATI-UNICAM 929,

England) with an air–acetylene flame. A PHOTRON Cd(II) hollow cathode lamp

(Australia) was used. Cd(II) was measured at 228.8 nm.

RESULTS AND DISCUSSION

Models for Biosorption Equilibrium in Single-Metal Systems

The Langmuir isotherm model has the form (18,19):

qeq ¼
aCeq

1 1 KCeq

ð1Þ

where Ceq is the metal concentration in solution, qeq the adsorbed metal ion

quantity per unit weight of dried biomass at equilibrium and a ¼ qmaxK:
The Freundlich equation is commonly presented as (18,19):

qeq ¼ a0Cb 0

eq ð2Þ

where a 0 and b 0 are the Freundlich constants.

The three-parameter empirical isotherm proposed by Redlich and Peterson

is (20):

qeq ¼
KRCeq

1 1 aRCb
eq

ð3Þ

where the exponent b lies between 0 and 1. When b ¼ 1; the Redlich–Peterson

equation reduces to the Langmuir equation.

Models for Competitive Biosorption Equilibria in

Multimetal Systems

The first multicomponent adsorption model tested in this study is a

multicomponent version of the traditional Langmuir isotherm (20,21). The major

assumption of this model is that the surface sites are uniform, so that the
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adsorbates (Cr(VI), Cu(II), and Cd(II)) compete for the same surface sites. The

final expression of the multicomponent Langmuir model can be described as

follows:

qi;eq ¼
qmaxKiCi;eq

1 1 KiCi;eq 1 KjCj;eq 1 KkCk;eq

ð4Þ

In this model, the maximal capacity qmax is universal so that all three metals obey

the fundamental hypothesis of the Langmuir model.

The Freundlich type adsorption isotherm for component i in a k-component

system is written in the form (22):

qi;eq ¼ a0
i Ci;eq

Xk

j¼1

aijCj;eq

 !b0
i 21

ð5Þ

The pre-exponential coefficient a0
i and the exponent b0

i are determined from the

monocomponent systems. The competition coefficients aij describe the inhibition

to the adsorption of component i by component j, and can be determined from

thermodynamic data or, more likely, from experimental data of multicomponent

systems. The assumptions incorporated in the derivation are: (a) each component

individually obeys Eq. (2); (b) for each component in a multicomponent

adsorption, there exists an exponential distribution of adsorption energies of sites,

NiðQÞ ¼ aiexpð2niQ=RTÞ ð6Þ

where ai and ni are constants; and (c) the coverage by each sorbate at each energy

level Q is given by the multicomponent Langmuir isotherm:

uiðQÞ ¼
KiCi;eq

1 1
P

KjCj;eq

ð7Þ

Kj ¼ K0j expðQ=RTÞ ð8Þ

Integration of NiðQÞuiðQÞ over energies in the range 21 to 1 yields Eq. (5) and

the competition coefficients are defined as aij ¼ K0j=K0i and thus aji ¼ 1=aij: For

ternary systems, according to the proposed model (22–24)

a12a23a31 ¼
K02

K01

:K03

K02

:K01

K03

¼ 1 ð9Þ
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The adsorption of each component in a three-component system is

q1;eq ¼ a0
1C1;eqðC1;eq 1 a12C2;eq 1 a13C3;eqÞ

b0
121 ð10aÞ

q2;eq ¼ a0
2C2;eqða21C1;eq 1 C2;eq 1 a23C3;eqÞ

b0
221 ð10bÞ

q3;eq ¼ a0
3C3;eqða31C1;eq 1 a32C2;eq 1 C3;eqÞ

b0
321 ð10cÞ

Quantitative Analysis of Selective Biosorption

To quantify the synergistic and antagonistic behavior, the relative metal i

biosorption is defined (25).

Ri ¼
metal i biosorption capacity with the coexistence of metal j and k

metal i biosorption capacity without the coexistence of metal j and k
� 100% ð11Þ

If the interactive effects of a mixture of metals are synergistic, Ri% > 100;
antagonistic, Ri% , 100; and noninteractive, Ri% ¼ 100: The experimental data

are also presented in terms of the individual biosorption efficiency (Yi%) (11), the

total biosorption efficiency (Yt%) (26), and the relative coverage (ui%) (25),

whose definitions are as follows:

Y i ¼
concentration of metal i biosorbed

initial concentration of metal i
� 100% ð12Þ

Y t ¼
total concentration of metal ions biosorbed

total initial metal ion concentration
� 100% ð13Þ

ui ¼
moles of metal i biosorbed

moles of all three metals biosorbed
� 100% ð14Þ

The values of Yi% and ui% are indications of the relative biosorption preference

and distribution of each metal of interest on the biosorbent.

Cr(VI), Cu(II), and Cd(II) Biosorption on R. arrhizus:

Single-Metal Situation

The effect of pH on the single-metal biosorption of Cr(VI), Cu(II), and

Cd(II) ions by R. arrhizus was investigated in strong acidic (pH 2.5) and weak
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acidic (pH 4.0) synthetic aqueous solutions. The monocomponent equilibrium

data were analyzed using the Langmuir, Redlich–Peterson, and Freundlich

isotherms. It is clear that the Langmuir constants, qmax and K, the Redlich–

Peterson constants, KR and aR, and the Freundlich constant, a 0, for Cu(II) and

Cd(II) ions increased with increase in pH. Optimum pH for the biosorption of

Cu(II) and Cd(II) ions by R. arrhizus was determined as 4.0, whereas higher

biosorptive uptake of Cr(VI) ions by R. arrhizus was obtained at pH 2.5 (Tables

1–3).

The Langmuir equation was linearized by plotting 1/qeq vs. 1/Ceq to

determine the Langmuir constants from the slope 1/a and the intercept K/a. The

Langmuir equation allows easy expression of the saturation metal uptake (qmax)

and the Langmuir coefficient, K, a ratio of the adsorption rate constant to the

desorption rate constant. The biomass had the highest saturation capacity for

Cu(II) at pH 4.0 in the single-metal system, followed by Cr(VI) at pH in the range

2.5–4.0, and Cd(II) at pH 4.0.

The three parameters given by the Redlich–Peterson adsorption model

were estimated from the monocomponent adsorption data of Cr(VI), Cu(II),

and Cd(II) ions by using an MS EXCEL 97 computer program. It can be seen

that in the monocomponent biosorption of Cd(II) ions at pH in the range

2.5–4.0, the value of b tends to unity, that is the isotherm is approaching the

Langmuir form.

Finally, the intercept of the linearized Freundlich equation, a 0, is an

indication of the sorption capacity of the sorbent; the slope, b 0, indicates the

effect of concentration on the sorption capacity and represents the sorption

intensity. As the values of adsorption capacity, a 0, and intensity, b 0, for Cr(VI)

and Cu(II) ions are found to be very close to each other, these values also indicate

a decidedly better biomass affinity for, and higher biosorption of, Cr(VI) and

Cu(II) ions vs. Cd(II) ions.

To quantify the agreement between the model predictions and experimental

observations, four different statistical methods were used: the relative percentage

error (RPE) (16,27), the variance (MSR) (25), the objective function (Ei) (8), and

the regression coefficient (R ). Comparing the values of RPE, MSR, Ei, and R

shows that the single-component Freundlich model provided the best correlation

for the biosorption of Cr(VI) ions on R. arrhizus, while the best fit for the Cu(II)

and Cd(II) ions was obtained by using the single-component Langmuir model.

Due to existence of a large number of active sites on the biomass having high

specificity for Cr(VI) in a wide pH range, wastewaters containing Cr(VI), Cu(II),

and Cd(II) ions together can be treated with R. arrhizus at pH 4.0 rather than pH

2.5. In addition, the pH of industrial wastewaters containing these metal ions

changes in the range 3.0–5.0. It should also be noted that at pH values higher than

5.5, Cu(II) ions precipitated and biosorption studies at these pH values could not

be performed.
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SAĞ, AKÇAEL, AND KUTSAL286

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

T
a

b
le

2
.

T
h

e
C

o
m

p
ar

is
o

n
o

f
th

e
In

d
iv

id
u

al
C

o
n

st
an

ts
O

b
ta

in
ed

fr
o

m
th

e
S

in
g

le
-C

o
m

p
o

n
en

t
L

an
g

m
u

ir
,R

ed
li

ch
–

P
et

er
so

n
,a

n
d

F
re

u
n

d
li

ch

A
d

so
rp

ti
o

n
Is

o
th

er
m

s
fo

r
C

u
(I

I)
Io

n
s

at
D

if
fe

re
n

t
p

H
V

al
u

es

L
an

g
m

u
ir

m
o

d
el

p
H

q
m

a
x

(m
m

o
lg

2
1
)

K
(L

m
m

o
l2

1
)

a
(L

g
2

1
)

R
P

E
(%

)
M

S
R

E
i

R

2
.5

1
4

9
0

.0
0

1
3

0
.1

9
8

3
4

.2
3

6
0

.0
2

0
.9

8
2

4
.0

5
6

7
0

.0
0

1
5

0
.8

3
7

3
2

.5
1

1
4

0
.0

1
0

.9
7

4

R
ed

li
ch

–
P

et
er

so
n

m
o

d
el

p
H

K
R

(L
g
2

1
)

a
R

(m
m

o
lb

+
1

g
2

1
L
2
b
)

b
R

P
E

(%
)

M
S

R
E

i
R

2
.5

0
.3

4
8

2
0

.0
1

1
4

0
.8

1
7

3
5

.8
5

1
0

.0
3

0
.8

9
5

4
.0

1
.0

6
2

8
0

.0
0

4
4

0
.8

8
0

4
2

.1
1

3
9

0
.0

1
0

.9
7

3

F
re

u
n
d

li
ch

m
o

d
el

p
H

a
0

(m
m

o
l1
2

b
0

L
b

0

g
2

1
)

b
0

R
P

E
(%

)
M

S
R

E
i

R

2
.5

5
.3

1
0

.3
9

4
0

8
.5

8
3

0
.0

5
0

.8
9

1

4
.0

3
1

.6
5

0
.3

3
9

1
4

.0
2

6
0

0
.0

1
0

.9
3

6

TERNARY BIOSORPTION OF CR(VI), CU(II), AND CD(II) 287

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

T
a

b
le

3
.

T
h

e
C

o
m

p
ar

is
o

n
o

f
th

e
In

d
iv

id
u

al
C

o
n

st
an

ts
O

b
ta

in
ed

fr
o

m
th

e
S

in
g

le
-C

o
m

p
o

n
en

t
L

an
g

m
u

ir
,R

ed
li

ch
–

P
et

er
so

n
,a

n
d

F
re

u
n

d
li

ch

A
d

so
rp

ti
o

n
Is

o
th

er
m

s
fo

r
C

d
(I

I)
Io

n
s

at
D

if
fe

re
n

t
p

H
V

al
u

es

L
an

g
m

u
ir

m
o

d
el

p
H

q
m

a
x

(m
m

o
lg

2
1
)

K
(L

m
m

o
l2

1
)

a
(L

g
2

1
)

R
P

E
(%

)
M

S
R

E
i

R

2
.5

1
7

7
0

.0
0

3
5

0
.6

1
6

1
4

.2
4

6
0

.0
3

0
.9

6
9

4
.0

2
3

6
0

.0
0

3
6

0
.8

4
1

8
3

.9
6

7
0

.0
1

0
.9

9
0

R
ed

li
ch

–
P

et
er

so
n

m
o

d
el

p
H

K
R

(L
g
2

1
)

a
R

(m
m

o
lb

+
1

g
2

1
L
2
b
)

b
R

P
E

(%
)

M
S

R
E

i
R

2
.5

0
.6

3
5

1
0

.0
0

4
2

0
.9

7
7

0
3

.3
4

2
0

.0
3

0
.9

5
8

4
.0

0
.9

7
4

7
0

.0
0

7
6

0
.9

2
0

3
2

.8
5

8
0

.0
1

0
.9

7
3

F
re

u
n
d

li
ch

m
o

d
el

p
H

a
0

(m
m

o
l1
2

b
0

L
b

0

g
2

1
)

b
0

R
P

E
(%

)
M

S
R

E
i

R

2
.5

1
3

.8
3

0
.3

2
5

1
7

.2
1

0
6

0
.0

5
0

.9
2

1

4
.0

1
6

.8
1

0
.3

3
9

5
7

.3
1

8
5

0
.0

5
0

.9
3

3
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Models for Competitive Biosorption Equilibria of Cr(VI), Cu(II),

and Cd(II) Ions in Ternary Systems

Multicomponent Langmuir Model

To examine the validity of the Langmuir model for multicomponent

adsorption systems, the experimental data of the ternary system were simulated

numerically according to Eq. (4). Four parameters, qmax, KCr, KCu and KCd,

associated with the Langmuir model were estimated by utilizing MS EXCEL 97

numerical analysis program. The optimal parameters were evaluated by

minimizing the mean square of residuals. A higher value of the Ki parameter

for Cu(II) and Cr(VI) than for Cd(II) implies that the biosorbent had a higher

affinity for Cu(II) and Cr(VI) than for Cd(II) (Table 4). Higher values of Ki also

correspond to a higher ratio of adsorption and desorption rate constants. It can be

concluded that there is stronger biosorption by the biosorbent of Cu(II) and

Cr(VI) than of Cd(II). These results further confirm that biosorption of Cu(II) was

most favored by the biomass at pH 4.0, but which had the least preference for

Cd(II), in agreement with the single-component data. Deviations of the

experimental points from those predicted by the multicomponent Langmuir

model are generally small. Among the three components, the predictions for the

Cd(II) uptake are the least accurate. Since the amounts of Cd(II) adsorbed per unit

weight of microorganism at equilibrium were very low, the relative percentage

errors between the experimental and predicted values for Cd(II) increased,

whereas the mean of sum of squared residuals decreased. The best fit was

obtained for Cr(VI) ions and the relative percentage error and the variance

between the experimental data and the Langmuir model predictions decreased

with respect to single-component Cr(VI) system.

The maximal total capacity, qmax, resulting from single systems was

567mmol g21 (for Cu(II) alone) and 1171mmol g21 (the sum of the maximal

total capacities of Cr(VI), Cu(II), and Cd(II) ions). The maximal total capacity,

qmax, resulting from ternary systems was 928mmol g21 (for Cr(VI)+Cu(II)+

Cd(II)). For this reason, the adsorption sites of Cr(VI), Cu(II), and Cd(II) in

ternary systems were likely to be partially overlapped. On the other hand, the sum

of the maximal total capacities of Cr(VI), Cu(II), and Cd(II) ions resulting from

single systems was slightly greater than the maximal total capacity resulting from

ternary systems. It may also imply that there exist a variety of binding sites on the

biomass that are partially specific for individual metal species. In trimetallic

combination, sorption of metals is a competitive process between ions in solution

and those sorbed onto the biomass surface. Antagonistic interaction of the metals

could be due to the fact that different metal ions have different affinities to cell

binding sites, therefore the effective binding sites available for a single metal are

reduced. The information provided from maximal capacities seems to violate
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basic assumptions of the Langmuir model, which proposes that the entire

adsorbent surface is homogeneous and that there is no lateral interaction between

adsorbate molecules, and thus the affinity of each binding site for the adsorbate

molecules should be uniform. On the other hand, the Freundlich model is an

empirical model assuming a logarithmic decrease in the heat of sorption with the

fraction of surface covered by the sorbed solute. Biological surfaces are thought

to have heterogeneous energies for sorbing metals. For this reason, the

competitive biosorption behavior of the three metals examined was further

investigated by using the multicomponent Freundlich model.

The Multicomponent Freundlich Model

The competition coefficients of the multicomponent Freundlich model (a12,

a13, a21, a23, a31 and a32) given by Eqs. (10a)–(c) were estimated from the

competitive biosorption data of Cr(VI), Cu(II), and Cd(II) ions by using MS

EXCEL 97 numerical analysis program (Table 5). The good agreement of the

adsorption equilibrium data of Cu(II) and Cd(II) ions with the multicomponent

Freundlich model was demonstrated and by the observation that the product of

the competition coefficients a12
:a23

:a31 is close to unity for the ternary system

Cr(VI)–Cu(II)–Cd(II). Comparing the competition coefficients in this table

shows that Cr(VI) significantly inhibited the biosorption of Cd(II) ða12 ¼

1:6100Þ; while the uptake of the strongly adsorbed Cr(VI) was almost unaffected

by the presence of Cd(II) ða21 ¼ 0:0100Þ: Whereas Cu(II) obviously interfered

with the Cr(VI) uptake ða23 ¼ 0:9600Þ; upon quantitative analysis it can be easily

seen that it did so much more than vice versa ða32 ¼ 0:0100Þ: On the other hand, a

significant reduction in the Cu(II) uptake was observed by the presence of Cd(II)

ða31 ¼ 0:6500Þ:
Although the multicomponent Freundlich model for ternary metal mixtures

represented most the adsorption equilibrium data of Cu(II) and Cd(II) ions on R.

Table 4. Kinetic Parameters of Multicomponent Adsorption Isotherms Estimated from

Multicomponent Langmuir Model

i

(Metal ion)

qmax

(mmol g21)

Ki�104

(Lmmol21) RPE (%) MSR Ei

Cd–Cr–Cu 928 KCd = 3.59 8.7 146 0.26

KCr = 9.35 5.7 357 0.12

KCu = 9.99 7.1 309 0.19

Average = 7.1 Average = 270 Average = 0.19
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arrhizus satisfactorily, the model was not successful enough to define the

competitive biosorption behavior of Cr(VI) ions from the ternary mixtures. Since

the expected increases in the inhibitory effects caused by the presence of the other

metal ions at increasing concentrations were not observed, the predicted

equilibrium uptake values for Cr(VI) ions were lower than the experimental

equilibrium uptake values. The RPE, MSR and Ei between the experimental and

predicted values using the multicomponent Freundlich model increased

considerably especially in the case of Cr(VI), compared with those obtained

using the multicomponent Langmuir model. As a result, comparison of the values

of statistical parameters using to test the accuracy of the multicomponent

adsorption models shows clearly that the multicomponent Langmuir model

provided the best correlation for the biosorption of the three metal ions on R.

arrhizus.

Graphical Representation of the Ternary Biosorption Equilibrium

Data: Construction of Triangular Equilibrium Diagrams and 3-D
Biosorption Isotherm Plots

The possibility of using a triangular diagram to graphically depict the

equilibrium data of the Cr(VI)+Cu(II)+Cd(II) system was tested. To use the

triangular diagram, the equilibrium data were converted into their respective

dimensionless forms by using mole fractions. The final residual concentrations,

Ci,eq, and the metal uptakes, qi,eq, were converted to metal mole fractions in

solution, x(i ), and metal mole fractions in the biosorbent, y(i ), respectively. The

experimental and predicted metal uptakes using the multicomponent Langmuir

model are shown in Fig. 1(a)–(c). In the triangular diagram, the equidistant axes

refer to the mole fractions of the respective metal species on the biosorbent.

Contour lines or parametric lines which, in Fig. 1(a)–(c), correspond to the mole

fractions of Cr(VI), Cu(II), and Cd(II) in solution, respectively are superimposed

on these axes. Due to the preference of R. arrhizus for the metals examined which

was Cu(II)$Cr(VI) > Cd(II), the experimental points tend to cluster toward the

Cr(VI) and Cu(II) corners with a noticeable void in the Cd(II) corner of the

triangular diagram. The predicted and experimental metal uptakes are quite

consistent over a large range of the residual concentrations of the three metals.

A ternary system can also be represented by using 3-D graphs whereby the

effect of the third ion is ignored, because there is a preferential biosorbent

selectivity for Cr(VI) and Cu(II) over Cd(II). A 3-D diagram based on randomly

generated experimental data is plotted and the data are fitted a smooth surface

according to the appropriate input equation, which represents the surface. In this

stage, the input equation is the ternary Langmuir-type equation, which created the

biosorption isotherm surfaces seen in Fig. 2(a)–(c), and smoothed and fitted to
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experimental biosorption data. Empirically selected initial concentrations of

Cd(II) (CCd(II),i was held constant over the 453–2914mmol L21 range) were

chosen as parameters and the two biosorption isotherm surfaces of the

Cr(VI)+Cu(II) systems were depicted in Fig. 2(a)–(b). Depending on the qi,eq

value calculated and used, there could be three different biosorption–isotherm

surface plots: (1) for the uptake of Cr(VI), yielding the effect of Cu(II) on Cr(VI);

(2) for the uptake of Cu(II), yielding the effect of Cr(VI) on Cu(II); and (3) for the

total uptake (Cr(VI)+Cu(II)). The adsorption model used for smoothing of the

biosorption isotherm surfaces makes it possible to eventually derive two-

dimensional (2-D) biosorption isotherm curves from the complex 3-D image by

cutting through it by a series of parallel ‘isoconcentration’ planes for selected

concentrations of one or the other metal, respectively (12,28). The resulting set of

biosorption isotherm curves depicts either the effect of the second metal on the

biosorption of the first one or vice versa. For example, Fig. 3, the effect of Cu(II)

on the uptake of Cr(VI), was derived by ‘cutting’ the isotherm surface with Cu(II)

isoconcentration planes and plotting the resulting curves.

As seen in Figs. 2(a) and 3, a significant reduction in the Cr(VI) uptake was

observed only at relatively high Cu(II) and Cd(II) concentrations. Similarly and

conversely, the effect of Cr(VI) on the uptake of Cu(II) is seen in Fig. 4 showing

the ‘isoconcentration cuts’ of the Cu(II) biosorption isotherm surface from Fig.

2(b). Figure 2(c) depicts total metal uptake behavior as a function of the two-

metal equilibrium concentration (Cr(VI) and Cu(II)) with the other metal

equilibrium concentration (Cd(II)) as a parameter. In this figure, the two main

planes (x–z and y–z ) show the single-metal biosorption isotherms for Cr(VI) and

Cu(II), respectively. The lowest isotherm curves in Fig. 2(c) represent simple

single-metal biosorption isotherms for Cr(VI) and Cu(II), respectively. Even if

one type of the metal ion present interfered with the uptake of another one in the

system, the overall total metal uptake was not lowered. Figure 2(c) also shows

that, with high levels of overall metal concentration present in the solution, R.

arrhizus easily reaches the saturation level demonstrated by a wide plateau of the

surface. More detailed examination of the 3-D surface plots again confirms the

higher affinity of this biosorption system for Cu(II) and Cr(VI) at pH 4.0 as

quantitatively expressed previously. The unsaturated R. arrhizus demonstrates

itself in the low-concentration region of the plots by sharply lower metal uptake

by the solid phase.

In Fig. 5(a)–(c), unadsorbed Cr(VI) and Cd(II) ion concentrations in

solution at equilibrium are plotted against the Cr(VI), Cd(II), and total metal

uptakes, respectively. The initial concentrations of Cu(II) ions were held constant

over the 390–2399mmol L21 range. A similar biosorption pattern was observed

for the uptake of Cr(VI) ions by the presence of increasing concentrations of

Cd(II) ions when empirically selected initial concentrations of Cu(II) ions were

chosen as parameters. However, the Cd(II) uptake was more severely affected by
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the presence of Cr(VI). The effect of different levels of Cr(VI) and Cu(II) on the

uptake of Cd(II) is quantitatively much better demonstrated in Fig. 6, showing

how the uptake of Cd(II) decreased in the presence of Cr(VI) and Cu(II). The

curves in Fig. 6 represent series of Cr(VI) ‘isoconcentration cuts’ of the Cd(II)

biosorption surface in Fig. 5(b). At low Cd(II) levels, Cr(VI) and Cu(II) affected

the Cd(II) uptake very strongly, but the effect was less at higher Cd(II)

concentrations. There is a marked difference between the shape of the two

isotherm surfaces for the Cu(II)+Cr(VI) and Cd(II)+Cr(VI) systems as illustrated

in Figs. 2(b) and 5(b), respectively. Since the uptake of Cu(II) ions was less

affected with increasing concentrations of Cr(VI) ions, the Cu(II)+Cr(VI)

biosorption surface was curved convexly upward. On the other hand, the Cd(II)

uptake was more severely affected by the presence of Cr(VI) and, the

Cd(II)+Cr(VI) biosorption surface was curved concavely downward.

Figure 1. Graphical representation of triangular equilibrium diagrams for the

biosorption of Cr(VI), Cu(II), and Cd(II) ions on R. arrhizus from ternary metal

mixtures using multicomponent Langmuir model. (a) Biosorption isotherms of the

constant Cr(VI) fraction in solution (—); (b) Biosorption isotherms of the constant Cu(II)

fraction in solution (—); (c) Biosorption isotherms of the constant Cd(II) fraction in

solution (—).
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Figure 1. Continued.
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Finally, the triangular equilibrium diagram was constructed again by using

the multicomponent Freundlich model. Large deviations from the multi-

component Freundlich model observed for Cr(VI) ions were much more

pronounced in the triangular equilibrium diagram (Fig. 7).

Quantitative Analysis of Selective Biosorption in Ternary Systems

The selectivity of R. arrhizus for Cr(VI), Cu(II), and Cd(II) in the ternary

mixtures was evaluated in terms of the relative metal i biosorption Ri (%), the

individual and total biosorption efficiencies Yi and Yt (%), respectively, and the

relative coverage ui (%). As can be seen from Table 6, the total interactive effects

of Cr(VI), Cu(II), and Cd(II) ions on the biosorption of Cr(VI) by R. arrhizus

were generally synergistic ðR > 100Þ; whereas the presence of these metal ions

together strongly inhibited the uptake of Cd(II) ions. Cu(II) and Cd(II) ions

Figure 2. Three-dimensional biosorption isotherm surfaces created by using

multicomponent Langmuir model for the Cr(VI)+Cu(II)+Cd(II) systems with CCd,eq as a

parameter. (a) The effect of Cu(II) on equilibrium uptake of Cr(VI). (b) The effect of

Cr(VI) on equilibrium uptake of Cu(II). (c) The effect of Cr(VI) and Cu(II) on equilibrium

total Cr(VI)+Cu(II) uptake.
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Figure 2. Continued.
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showed generally antagonistic interaction. The degree of competition in the case

of Cu(II) was small in most instances so that the amount of bound Cu(II) was

$77% of its amount bound when added singly. A somewhat more antagonistic

effect was observed with Cd(II) in the presence of Cr(VI) and Cu(II). It is also

interesting to note that the relative Cd(II) biosorption increased and synergistic

interaction was observed when the Cd(II) ion concentration and/or the ratio of the

Cd(II) ion concentration was increased with respect to the Cr(VI) and Cu(II) ion

concentrations and/or the total metal ion concentration. The order of inhibition of

Cu(II) and Cd(II) biosorption in different three-metallic combinations as

compared to single metallic species suggested in favor of screening or

competition for the binding sites on the cellular surface. The synergistic behavior

of Cr(VI) and partially Cd(II), observed at higher concentrations of the Cd(II)

ions, may be due to the large difference in concentration between the biosorbent

surface and multimetal solution or strong driving force, compared with the

single-metal system.

According to the results shown in Table 6, an increase in the initial metal

concentration led to a decrease in the biosorption efficiency of each metal. This

Figure 3. The effect of Cu(II) and Cd(II) on the uptake of Cr(VI). The multicomponent

Langmuir model profiles are presented in full lines, the symbols denote experimentally

obtained values.
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trend seems reasonable since the relative number of binding sites available to

each metal would reduce as the concentrations of the three metals were increased

simultaneously, particularly when the biomass was nearly saturated at high initial

concentrations. The biosorption efficiency of the three metals was in the order

YCu% > YCr% > YCd%. Since the Cd(II) uptake was strongly inhibited by the

presence of Cr(VI) and Cu(II) ions, the individual Cd(II) biosorption efficiency

was also lower than the total biosorption efficiency for all metal ion concentration

combinations detected.

Cr(VI) ions had the highest relative coverage (uCr%) of 43–51% in the

ternary mixtures containing approximately equal molar concentrations of Cr(VI),

Cu(II), and Cd(II) ions. The relative coverage of Cu(II) (uCu%) was slightly lower

with a value of 34–41%, while the value of uCd% was the lowest (15–21%)

among the three metals. The relative coverage of the Cr(VI) and Cu(II) ions did

not vary considerably at all concentrations detected, while the relative coverage

of the Cd(II) ions depended on the molar concentration ratio, e.g., when the ratio

of the Cd(II) ion concentration to the Cr(VI) and Cu(II) ion concentrations,

CCd,i/CCr,i/CCu,i, was chosen as 1/(1/5)/(1/6), a maximum relative coverage for

Figure 4. The effect of Cr(VI) and Cd(II) on the uptake of Cu(II). The multicomponent

Langmuir model profiles are presented in full lines, the symbols denote experimentally

obtained values.
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Cd(II) ions was obtained as 58.3%. The dominance of selective biosorption

according to the relative coverage data was in the order Cr(VI) > Cu(II) > Cd(II).

Factors that affect the biosorption preference of a biosorbent for metals are

related to the physicochemical parameters of the solution (e.g., pH, temperature,

etc.), and specific surface properties of the microorganism (e.g., functional

groups, structure, etc.). Binding of different metal ions on biomaterials having

different functional groups depends on also some physical and chemical

properties of metals (Table 7). Since the movement of metals with a higher

atomic weight can generate higher momentum energy, which may promote the

biosorption of the metal by increasing the probability of effective collision

between the metal and the biosorbent surface, a higher atomic weight leads to a

higher biosorption preference by the biosorbent. The data presented do not

support this proposal. Another general rule in heavy metal biosorption is that the

higher charged the ions, the higher the affinity. The Cu(II) ions have d9 electronic

configuration, and unpaired electrons. They are capable of being attracted to a

Figure 5. Three-dimensional biosorption isotherm surfaces created by using

multicomponent Langmuir model for the Cr(VI)+Cu(II)+Cd(II) systems with CCu,eq as a

parameter. (a) The effect of Cd(II) on equilibrium uptake of Cr(VI). (b) The effect of

Cr(VI) on equilibrium uptake of Cd(II). (c) The effect of Cr(VI) and Cd(II) on equilibrium

total Cr(VI)+Cd(II) uptake.

SAĞ, AKÇAEL, AND KUTSAL300

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

Figure 5. Continued.
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magnetic field possibly originating from the biosorbent. The Cu(II) ions form

distorted octohedral complexes. Binding of Cu(II) ions involve the exchange of

one or two aquoligands by carboxylate oxygens (29,30). This complex is reported

to involve chelation with the carboxylic group on the basis of IR analysis (30,31).

The sorption mechanism for Cu(II) is different from Cd(II) and other divalent

metals. Cd(II) ions have d10 electronic configuration, and are very stable (no

unpaired electron), and slightly repelled by a magnetic field. The chemical bonds

tend to be isotopic and polyhedra are generally regular (30,32). Moreover, there

are two possible coordination numbers [2,4] associated with Cu(II) as compared

to only one for Cd(II) [4]. If the systems form complexes in the biosorbent phase,

then Cu(II) (the least stable among the three metals examined) only required two

more electrons to do so as compared with Cd(II) which requires four electrons.

Cd(II) forms octahedral complexes and these are more stable because Cd(II) is

larger. More electronegative metal ions will be more strongly attracted to the

surface. The sorption capacity of Cd(II) is smaller than Cu(II) also due to its low

electronegativity. On the other hand, Cd(II) ions are more electronegative than

Cr(VI) ions, but they are sorbed the least. Another factor is the ionic radius itself,

especially since a smaller ionic radius implies more molecules can sorb onto a

Figure 6. The effect of Cr(VI) and Cu(II) on the uptake of Cd(II). The multicomponent

Langmuir model profiles are presented in full lines, the symbols denote experimentally

obtained values.
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fixed surface area of biosorbent. The fact that Cr(VI) has the smallest ionic

radius, and it is the most sorbed ion in a wide pH range among the three ions

examined. The other metal ions also follow this trend. Metals with a higher

reduction potential tend to exhibit a stronger ionic interaction with an electron-

rich surface of biosorbents. This trend is also reflected. Our findings on the order

of biosorption preference of Cr(VI), Cu(II), and Cd(II) is essentially consistent

with the correlation between the chemical and physical properties of the metal

ions and the selective biosorption with only one exception, atomic weight. It is

generally complicated to find a common rule to identify how metal properties

affect the competitive biosorption. This is because the observed behavior may

result from a combination of all the above factors. Moreover, the characteristics

of biosorbents and the variations in composition and structure of the biosorbent

surface by changing physicochemical parameters of the solution also affect the

order of metal biosorption preference.

Figure 7. Graphical representation of triangular equilibrium diagrams for the

biosorption of Cr(VI), Cu(II), and Cd(II) ions on R. arrhizus from ternary metal

mixtures using multicomponent Freundlich model. (a) Biosorption isotherms of the

constant Cr(VI) fraction in solution (—); (b) Biosorption isotherms of the constant Cu(II)

fraction in solution (—); (c) Biosorption isotherms of the constant Cd(II) fraction in

solution (—).

(continued)

TERNARY BIOSORPTION OF CR(VI), CU(II), AND CD(II) 303

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

Figure 7. Continued.
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CONCLUSIONS

Equilibrium metal uptake performance of R. arrhizus was studied using

aqueous solutions containing Cr(VI), Cu(II), and Cd(II) ions in single-metal

systems and ternary metal mixtures. Although the procedure of fitting the

multicomponent Langmuir model to the ternary data is semiempirical and the

information provided from maximal capacities seems to violate basic

assumptions of the multicomponent Langmuir model, predictions of the behavior

of Cr(VI)–Cu(II)–Cd(II) ternary metal system were in a reasonably good

agreement with experimental results. The multicomponent Freundlich model

showed good fits for the competitive Cu(II)–Cd(II) biosorption data, whereas the

model had larger deviations on interpreting ternary biosorption data of Cr(VI)

ions. The magnitude of the multicomponent Langmuir constant, Ki, followed a

trend of Cu(II) > Cr(VI) > Cd(II). The same order of selectivity was obtained in

terms of the individual biosorption efficiency, in agreement with the single-

component data at pH 4.0, whereas in three metal biosorption, the relative metal i

biosorption and the relative coverage of the metals decreased in order of

Cr(VI) > Cu(II) > Cd(II).
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26. Sağ, Y.; Kutsal, T. The Simultaneous Biosorption Process of Lead(II) and

Nickel(II) on Rhizopus arrhizus. Process Biochem. 1997, 32 (7), 591–597.

27. Shallcross, M.; Herrmann, C.C.; McCoy, B.J. An Improved Model for the

Prediction of Multicomponent Ion Exchange Equilibria. Chem. Engng Sci.

1988, 43, 279–288.

28. Volesky, B.; Holan, Z.R. Biosorption of Heavy Metals. Biotechnol. Prog.

1995, 11, 235–250.

29. Bloom, P.R.; McBride, M.B. Metal Ion Binding and Exchange with

Hydrogen Ions in Acid Washed Peat. Soil Sci. Soc. Am. J. 1979, 43,

678–692.

30. Singh, S.; Pradhan, S.; Rai, L.C. Metal Removal from Single and

Multimetallic Systems by Different Biosorbent Materials as Evaluated by

Differential Pulse Anodic Stripping Voltammetry. Process Biochem. 2000,

36, 175–182.

31. Ong, L.H.; Swanson, V.E. Adsorption of Copper by Peat, Lignite and

Bituminous Coal. Econ. Geol. 1996, 61, 1214–1231.

32. Sarret, G.; Manceau, A.; Spadini, L.; Roux, J.C.; Hazemann, J.L.; Soldo,

Y.; Berard, L.E.; Menthonnex, J.J. Structural Determination of Zn and Pb

Binding Sites in Penicillium chrysogenum Cell Walls by EXAFS

Spectroscopy. Environ. Sci. Technol. 1998, 32, 1648–1655.

Received December 2000

Revised May 2001

TERNARY BIOSORPTION OF CR(VI), CU(II), AND CD(II) 309

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS120000789

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=Ternary+biosorption+equilibria+of+chromium%28VI%29%2C+copper%28II%29%2C+and+cadmium%28II%29+on+Rhizopus+arrhizus&offerIDValue=18&volumeNum=37&startPage=279&isn=0149-6395&chapterNum=&publicationDate=02%2F11%2F2002&endPage=309&contentID=10.1081%2FSS-120000789&issueNum=2&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A44%3A13&publisherName=dekker&orderBeanReset=true&author=Yeim+Sa%2C+Burak+Akael%2C+Tlin+Kutsal&mac=xcDzGJoyMBN0ZyifU8I%zg--

