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Investigation of Simultaneous Biosorption of
Copper(ll) and Chromium(VI) on Dried Chlorella
vulgaris from Binary Metal Mixtures: Application of
Multicomponent Adsorption Isotherms

ZUMRIYE AKSU,* UNSAL ACIKEL, and TULIN KUTSAL
CHEMICAL ENGINEERING DEPARTMENT

HACETTEPE UNIVERSITY

ANKARA, TURKEY

ABSTRACT

Although the biosorption of single metal ions to various kinds of microorganisms
has been extensively studied and the adsorption isotherms have been developed for
only the single metal ion situation, very little attention has been given to the biore-
moval and expression of adsorption isotherms of multimetal ions systems. In this
study the simultaneous biosorption of copper(I1) and chromium(V1) to Chlorella vul-
garisfrom abinary metal mixture was studied and compared with the single metal ion
situation in a batch stirred system. The effects of pH and single- and dual-metal ion
concentrations on the equilibrium uptakes were investigated. In previous studies the
optimum biosorption pH had been determined as 4.0 for copper(ll) and as 2.0 for
chromium(V1). Multimetal ion biosorption studies were performed at these two pH
values. It was observed that the equilibrium uptakes of copper(Il) or chromium(V1)
ionswere changed due to the biosorption pH and the presence of other metal ions. Ad-
sorption isotherms were developed for both single- and dua-metal ion systems at
these two pH values, and expressed by the mono- and multicomponent Langmuir and
Freundlich adsorption models. Model parameters were estimated by nonlinear re-
gression. It was seen that the adsorption equilibrium data fitted very well to the com-
petitive Freundlich model in the concentration ranges studied.

Key Words. Simultaneous biosorption: Binary mixture of
copper (1) and chromium(V1); Chlorella vulgaris; Mono- and multi-
component adsorption isotherms
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INTRODUCTION

The removal of toxic heavy-metal contaminants from industrial wastewa-
tersis one of the most important environmental issuesto be solved today. The
search for new and innovative treatment technol ogies has focused attention on
the effect of heavy-metal toxicity on the uptake by microorganisms. Using mi-
croorganisms as biosorbents for heavy metals offers a potential alternative to
existing methods for the detoxification and recovery of toxic or valuable met-
as from industrial wastewaters. Many yeasts, agae, bacteria, and various
aguatic floraare known to be capable of concentrating metal species from di-
|ute agueous solutions and accumul ating them within the structure of the mi-
croorganism (1-14). The adsorptivity of heavy-metal ionstothebody isavery
beneficial property of most algae. The biosorption of metal ions by the algal
biomass arises from the coordination of theionsto different functional groups
onthealgal cell (1-3, 7-14). Thekinetics of metal uptake, thought to be phys-
ical adsorption at the cell surface, isvery rapid and occurs in a short time af-
ter the microorganism comes into contact with the metal. The mechanisms as-
sociated with metal sorption by microorganisms are complex, dependent on
the metal ion and the biological system, and include extracellular and intra-
cellular metal binding. Thermally killed microorganismsdisplay abinding ca-
pacity for metal ions to the same or greater extent than that measured for liv-
ing cells. The retention of heavy-metal cations by dead microbial cellsisalso
termed “biosorption” (1-3).

While much research has been carried out on the uptake of single species of
metal ions, little attention seems to have been given to the study of multimetal
ion systems. Despite the fact that single toxic metallic species rarely exist in
natural and wastewaters, and the presence of a multiplicity of metals often
givesriseto interactive effects, insufficient attention seems to have been paid
to this problem. Examination of the effects of divalent cationsin various com-
binations is more representative of the actual environmental problems faced
by organisms than are single metal studies. This recognition results from the
realization that environmental |oadings of cations from anthropogenic sources
rarely involve single cation contributions, and if they do, theintroduced cation
will interact with ahost of chemicals native to the receiving system. Thus, or-
ganisms potentially impacted by these toxicants face a multiple rather than a
single toxicant insult.

Bioremoval of single species of heavy-metal ions using microorganismsis
affected by severa factors. These factors include the specific surface proper-
ties of the microorganism and the physicochemical parameters of the solution
such astemperature, pH, initial metal ion concentration, and biomass concen-
tration. Many other parameters affect the capacity of microorganismsto bind
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more than one metal ion simultaneously. The combined effects of two or more
metal ions to microorganisms aso depend on the number of metals competing
for binding sites, metal combination, levels of metal ion concentration, order
of metal addition, residencetime, and test criterion, i.e., cell growth, dissolved
oxygen, metal uptake, etc. (for living cells). Even though optimum adsorption
conditions of heavy-metal ions to microorganism is known, there is a need to
understand how combinations of metal ions affect the ecological processes of
the biomass and the ability of biomass to accumul ate heavy-metal ion combi-
nations from the surrounding. In general, a mixture of heavy metals can pro-
duce three possible types of behavior: synergism, antagonism, and noninter-
action (12-15).

At thefirst stage of biosorption, arapid equilibrium is established between
adsorbed metal ions on the cell and unadsorbed metal ions in solution. This
equilibrium can be represented by adsorption isotherms. Both the noncompet-
itive Langmuir and Freundlich isotherm models have been shown to be suit-
able for describing the short-term and monocomponent adsorption of heavy-
metal ions by algal cells. The well-known expression of the monocomponent
Langmuir model is given by

_ Q%Cqq

Qe =7 ¢ bCeq @)
where geq IS the amount of metal bound to per gram of dried biomass at equi-
librium, Cg is the residual (equilibrium) metal concentration left in solution
after binding, Q° is the maximum amount of metal ion per unit weight of ad-
sorbent to form a complete monolayer on the surface bound at high Ceg, and b
is a constant related to the affinity of the binding sites. Q° and b can be deter-
mined from a 1/¢eq Versus 1/Cq plot. The model, which is based on assump-
tions of surface adsorption, showed a good fit where passive biosorption pre-
vailed.

The Freundlich expression is an empirical equation based on sorption on a
heterogeneous surface suggesting (as expected) that binding sites are not
equivaent and/or independent. The monocomponent Freundlich equation is
given by

Geq = KeCaq' )

where Kg and n are the monocomponent Freundlich constants characteristic of
the system. Equation (2) can be linearized in logarithmic form and Freundlich
constants can be determined. Both models were developed for single-layer
metal adsorption. However, the Freundlich model physically provides amore
realistic description of metal adsorption by organic matter because it accounts
for different binding sites. But, in most cases, both equations fit the data set
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reasonably well for experimental data over moderate ranges of concentration
(1-6, 13-20).

One of the difficulties in describing the adsorption of metal ions from
wastestreams is that wastewaters contain not one but many metal ions. When
several components are present, interference and competition phenomena for
adsorption sites occur and lead to a more complex mathematical formulation
of the equilibrium. Therefore, competitive isotherms attempt to express rela-
tionshi ps between the adsorbed quantity of one component and the concentra-
tions of all other components, either in solution or already adsorbed. Several
isotherms have been proposed to describe equilibrium and competitive ad-
sorption for such asystem. These isotherms range from simple models related
to theindividual isotherm parameters only, to more complex modelsrelated to
the individual isotherm parameters, and to correction factors (1, 14, 15,
19-24). One of them is a modified Langmuir model based on the same hy-
potheses as for the single-component Langmuir model with information other
than that from experimental competitive adsorption data. Bellot et a. (20) de-
fined in the modified Langmuir model an interaction term vy which is a char-
acteristic of each species and depends on the concentrations of the other com-
ponents. The modified Langmuir isotherm iswritten as

Qi (Ceg /i)

N
1+ 2 b Cealn)

=
For binary mixtures, Egs. (4) and (5) can be rewritten for the first and the
second component, respectively and these two equations can be solved simul-
taneoudly to obtain the multicomponent Langmuir adsorption constants of the
first and the second metal ions, respectively, by means of acomputer using the
Excel program. c

Oeq =

3)

Qb -
Gect = 4
- 1+ by St 4 p, Sz @
L 2 M2
C
Qb,—E
Oeq2 = (5)

1+ by m + by 2

where by, b, = individual Langmuir adsorption constants of thefirst and the
second metal ions related to the affinity of the binding sites, respec-
tively
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Ceq1; Ceqz = the unadsorbed concentrations of the first and the sec-
ond metal ions, respectively, at equilibrium (mg/L)

Oeq1, Jeqz = the adsorbed quantities of the first and the second metal
ions per gram of dried alga at equilibrium, respectively (mg/g)

R, Q9 = individual Langmuir adsorption constants of the first and
the second metal ions give the maximum amounts bound at high
Ceq'S, respectively
N1, M2 = multicomponent Langmuir adsorption constants of the first
and the second metal ions, respectively, for two-component systems

Fritz and Schluender (21) and McKay and Duri (22) considered another ap-
proach and proposed an empirical extension of the Freundlich model re-
stricted to binary mixtures, where the coefficients relating to isotherms could
be determined from monocomponent isotherm data except for the biosorption
competition coefficients, which had to be determined experimentally. The
Freundlich modelsfor the first and the second components restricted to binary
mixtures are given by

KeiClign ™

Oeq1 = C)(%l + leééz (6)
KeCon* (7)

Geq2 = Céz + ¥2C%u

where Kg;, K, and ny, n, are derived from the corresponding individual Fre-
undlich isotherm equations, and the six other parameters (X1, Y1, zZ; and Xy, Yo,
z, are the multicomponent Freundlich adsorption constants of the first and the
second metal ions, respectively, for a binary system) are the competition co-
efficients for two-metal ion species.

In this study a process of simultaneous biosorption of chromium(VI) and
copper(11), which are frequently encountered together in industrial wastewa-
ters, such as those from plants producing machine parts and chemicals, con-
tain up to 6-300 ppm copper(I1), 0-555 ppm chromium(V1), to Chlorella vul-
garis, a green alga, was investigated and compared to single metal ion
situation.

EXPERIMENTAL

Microorganism and Growth Conditions

Chlorellavulgaris, an unicellular green alga, obtained from Sammlung von
Algen Kulturen Pflanzen Physiologisches Institut, University of Géthingen,
Germany, was used in thisstudy. It was grown at 25°C in agitated and aerated
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liguid mediain fermentors containing (in g/L): glucose, 5.0; yeast extract, 1.0;
peptone, 1.0; triptone, 1.0; FeSO,4, 0.01; and MgSO,, 0.05. The pH of the feed
media of C. vulgaris was adjusted to 6.8 with 1 M H,S O,.

Chemicals

Test solutions containing single chromium(V1) or copper(Il) ionswere pre-
pared by diluting 1.0 g/L of stock solutions of metal ions to the desired con-
centrations. The stock solution of each metal ion was obtained by dissolving
the exact quantity of potassium dichromate for chromium(V1) and anhydrous
copper sulfate for copper(Il) in 1 L of double-distilled water. The ranges of
concentrations of both metal ions prepared from stock solutions varied be-
tween 25.0 and 250.0 mg/L.

Test solutions containing desired combinations of chromium(V1) and cop-
per(11) were prepared by diluting 1.0 g/L of stock solutions of metal ions and
mixing. Before mixing the alga solution, the pH of each test solution was ad-
justed to the required value with 1 M H,S O,.

Preparation of Microorganisms for Biosorption

In the stationary phase of growth, C. vulgaris cells are centrifuged at 5000
rpm for 5 minutes, washed twice with distilled water, and then dried at 60°C
for 24 hours. For the biosorption studies, 1.0 g of dried biomass was sus-
pended in 100 mL of double-distilled water and homogenized in a homoge-
nizer (Janke and Kunkel, IKA-Labortechnick, Ultra Turrax T25) at 8000 rpm
for 20 minutes and then stored in arefrigerator.

Biosorption Studies

The factors affecting the adsorption rate and equilibrium were examined in
Erlenmeyer flasks. For Erlenmeyer flask studies, 10 mL of the microorganism
solution was mixed with 90 mL of the metal ion or metal ions mixture-bear-
ing solution at the desired level of each metal ion or both metal ions at the be-
ginning of the adsorption. The flasks were agitated on a shaker at constant
temperature for 24 hours, which was more than ample time for adsorption
equilibrium. Samples of 3 mL were taken before mixing the alga solution and
the metal ion or metal ions mixture-bearing solution at 5-minute intervals at
the beginning of adsorption and at 25-30 minute intervals after reaching equi-
librium, centrifuged at 5000 rpm for 3 minutes, and then the supernatant lig-
uid was used to analyze for each metal ion. The biosorption experiments were
repeated two times.

The studieswere performed at 25°C to be representative of environmentally
relevant conditions.
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Analysis of Chromium(VI) and Copper(ll)

The concentration of unadsorbed chromium(V1) and copper(Il) in the ad-
sorption medium was determined in a Unicam 929 atomic absorption spec-
trophotometer with a detection limit of 0.04 ppm at awavelength of 324.8 nm
for copper(l1) and with adetection limit of 0.05 ppm at a wavelength of 357.9
nm for chromium(V1).

RESULTS

In this study the simultaneous biosorption of copper(l1) and chromium(V1)
to C. vulgarisfrom abinary metal mixture was studied and compared with the
single metal ion situation in a batch-stirred system. The metal binding capac-
ity of C. vulgariswas shown as afunction of pH and of single- and dual-metal
Ion concentrations. The mono- and multicomponent sorption phenomenawere
expressed by the monocomponent (noncompetitive) and multicomponent
(competitive) Langmuir and Freundlich adsorption models, adsorption
Isotherms were developed for both single- and dual-metal ion systems at two
pH values, and model parameters were determined by the means of a com-
puter.

The equilibrium results were given as the units of each adsorbed metal ion
quantity per gram of dried biomass (0eq; Mg/g) and each unadsorbed metal ion
concentration in the mixture (Ceq; mg/L) at equilibrium. The adsorption yield
(%Ad) was defined as the ratio of the adsorbed quantity of metal ion per gram
of dried biomass at equilibrium to the initial metal ion concentration for sin-
gle metal biosorption. Individual and total adsorption yields (%Ad; and %A d-
Tot) iN the simultaneous removal from the mixture of metal ions were also de-
fined asthe ratios of individual and total adsorbed quantities of metal ions per
gram of dried biomass at equilibrium to individual and total initial metal ion
concentrations, respectively.

The most critical parameter in the treatment of multimetal ion systems by
agaisthe pH of the adsorption medium because previous investigations con-
cerning single-metal ion situation had shown that the optimum adsorption pH
depended on the physicochemical properties of metal ions and alga in ague-
ous solutions. The uptake of chromium(V1) and copper(l1) by the biomasswas
also afunction of pH. From previous investigations it was known that the re-
moval of a single species of copper(ll) ions from an agueous solution was
more efficient with increasing pH. The adsorption rate of copper(ll) ionswas
greatest when the solution pH was adjusted to 4.0. At pHs higher than 5.0,
copper(Il) ions precipitated because of the concentration of OH™ ionsin the
biosorption medium, and adsorption studies could not be performed.
Chromium(V1) was more effectively adsorbed by the biomass than copper(11)
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at very low pH. The optimum adsorption pH was determined as 2.0 for
chromium(V1). The different pH binding profiles for heavy-metal ions could
be due to the nature of the chemical interactions of each metal ion with the mi-
crobia cells and are related to the isoelectric point of the cells. Heavy-metal
ions have a strong affinity for proteins of the cell wall. At pHs above the iso-
electric point, there is a net negative charge on the cells, and the ionic state of
ligands such as carboxy!, phosphate, and amino groups will be such asto pro-
mote reaction with the metal cations. Asthe pH islowered, however, the over-
all surface charge on the cellswill become positive, which will inhibit the ap-
proach of positively charged metal cations. Metal ionsin anionic form in the
agua solution, such as chromium(V1) as CrO32 will interact with the cellsin
thiscase (1, 3).

To determine the monocomponent (noncompetitive) isotherms, the initial
metal ion concentrations were varied while the dry cell weight in each sample
was kept constant for each metal ion. The monocomponent Langmuir and Fre-
undlich adsorption isotherms for chromium(V1) and copper(l1) ions obtained
at pH 2.0 and pH 4.0 are shown in Figs. 1 and 2. The monocomponent ad-
sorption constants for each metal ion obtained by evaluating the isotherms are
also listed in Table 1. The magnitude of Kg and n, the monocomponent Fre-
undlich constants, showed a selective uptake for chromium(V1) at pH 2.0 and
for copper(l1) at pH 4.0 from wastewater, with a higher adsorptive capacity of
algal biomass. The magnitude of Q° and b, the monocomponent Langmuir

0.3

® pH=2.0 Cu(l)
A pH=4.0 Cu(ll)
O pH=2.0 Cr(Vl)

o2} ?® pH=4.0 Cr(Vi)

o

E

=2

o

[ ]

1/¢

0.0 : L . . !
0.00 0.01 0.02 0.03

1/Ceq (L/mg)

FIG. 1 The monocomponent (noncompetitive) Langmuir adsorption isotherms for
chromium(V1) and copper(l1) a pH 2.0 and at pH 4.0 in the single metal ion situation (T =
25°C; alga concentration = 1.0 g/L).
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® pH=2.0 Cu(ll)
1 A pH=4.0 Cu(l)
o pH=2.0 Cr(Vi)
A  pH=4.0 Cr(vh
o " ] 1 1 L 1
2 3 4 5 6
InCeq

FIG. 2 The monocomponent (noncompetitive) Freundlich adsorption isotherms of
chromium(V1) and copper(Il) ions obtained at pH 2.0 and a pH 4.0 in the single meta ion sit-
uation (T = 25°C; alga concentration = 1.0 g/L).

TABLE 1
Comparison of the Individual Langmuir and Freundlich
Adsorption Constants Obtained from Monocomponent
Langmuir and Freundlich Adsorption I sotherms for
Chromium(V1) and Copper(Il) at pH 2.0 and at pH 4.0
(T = 25°C; algaconcentration = 1.0 g/L)

The Monocomponent Langmuir Model

pH 2.0 pH 4.0
Metal ion QO b QO b
Copper(I1) 16.17 0.007 34.86 0.021
Chromium(V1) 27.77 0.052 15.77 0.011

The Monocomponent Freundlich Model

Copyright © Marcel Dekker, Inc. All rights reserved.

pH 2.0 pH 4.0
Metal ion Ke n Ke n
Copper(Il) 0.52 1.69 517 312
Chromium(V1I) 6.04 3.33 131 2.27
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constants, indicated that the amount of chromium(V1) or copper(l1) ions per
unit weight of adsorbent required to form a complete monolayer on the sur-
face was higher for chromium(V1) at pH 2.0 and for copper(l1) at pH 4.0, and
the affinity for the binding of copper(ll) ions was higher than that of
chromium(V1) at pH 4.0. A large value of b also implied strong bonding of
copper(Il) ionsto the algae at pH 4.0 and chromium(V1) ions at pH 2.0.

The equilibrium uptakes and adsorption yields obtained for the single-metal
ion situation at pH 2.0 and at pH 4.0 are presented in Table 2. As seen from
Table 2, increasing the metal ion concentration generally caused an increase
in the equilibrium uptake and a decrease in the metal adsorption yield for each
metal ion at both pH values. The adsorption of copper(Il) ions at pH 2.0 and
the adsorption of chromium(V1) ions at pH 4.0 appeared to be significantly
low. It was obvious that the microorganism used a significant part of its ca-
pacity for chromium(V 1) adsorption at pH 2.0 and for copper(11) adsorption at
pH 4.0.

As copper(11) and chromium(V1) had different pH optimums, the pH of the
wastewater could provide selectivity for the removal of adesired heavy metal
ion in amixture of heavy metals and this situation was observed in the simul-
taneous removal of copper(ll) and chromium(VI) at these two pH values. In
the first stage of adsorption studies, the initial copper(ll) concentration was
changed from 25 to 250 mg/L while the initial chromium(V1) concentration
was held constant at 25, 50, 100, or 150 mg/L. The nonlinearized adsorption
isotherms of copper(11) ions in the absence of chromium(V1) ions and in the
presence of increasing concentrations of chromium(V1) ions are shown in
Figs. 3 and 4 at two pH values. As seen from the figures, the equilibrium cop-
per(I1) uptake increased by increasing the initial copper(ll) concentration up
to 250 mg/L at both pH values. A significant increase for copper(l1) uptake
was also observed at pH 4.0, as expected. But the presence and increasing of
chromium(V1) concentration caused alessening of adsorbed copper(11) quan-
tities at equilibrium. The inhibitory effect of chromium(V1) ions on the equi-
librium copper(11) uptakes was dominant at pH 2.0. Although copper(l1) ions
were preferentially adsorbed at pH 4.0, chromium(V1) ions were also ad-
sorbed by the alga at this pH. This situation shows the partial competition be-
tween the copper(11) and chromium(V1) ions although the pH has a significant
effect in selective biosorption. It is also obvious that not only one but differ-
ent kinds of biosorption mechanisms are important in the simultaneous
biosorption of metal ions to the green alga. At pH 2.0 and at 100 mg/L of ini-
tial copper(Il) concentration, in the absence of chromium(V1) and in the pres-
ence of 100 mg/L of chromium(V1) concentration, adsorbed copper(l1) quan-
tities at equilibrium were found to be 8.3 g and 3.9 mg/g, respectively. At pH
4.0 and the aforesaid conditions, copper(ll) uptakes at equilibrium were de-
termined to be 23.2 and 17.1 mg/g, respectively. It was obvious that copper(l1)
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TABLE 2
Comparison of the Equilibrium Uptakes and Adsorption Yields Obtained at Different Metal lon Concentrations at pH 2.0 and at pH 4.0 for
Each Metal lon for the Single-Metal lon Situation

pH 2.0 pH 4.0

cu(l) Cr(v1) cu(ln) Cr(vI)

Cocu Oeqcu Cocr Oeqer Cocu Oeqcu Cocr Qeqer
(mg/L)  (mg/g)  %Adcy  (mglL) (mg/lg)  %Adc (mg/L)  (mg/g)  %Adc,  (mg/ll)  (mg/g) %Adc,

(A)1D anv (1nD 40 NOILAHOSOIg SNOANVLINNIS

24.8 3.8 153 252 12.5 49.7 251 12.0 47.8 24.8 45 18.1
51.9 4.1 7.9 51.0 158 31.0 49.8 14.7 295 51.2 74 145
75.0 52 6.9 74.9 20.7 2717 76.8 19.6 255 75.6 8.4 111
98.9 8.3 8.4 99.8 25.6 25.6 101.8 232 22.8 101.0 10.5 10.4
149.9 12.2 8.1 150.9 26.3 17.5 150.9 24.9 16.5 149.5 116 7.7
251.2 12.8 51 249.2 27.1 10.8 2515 28.0 111 249.0 13.2 53

T1S

Copyright © Marcel Dekker, Inc. All rights reserved.
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B Cr(V1)=0 mg/L
151 o Cr(viy=25 mg/L
® Cr(VI)=50 mg/L.
A Cr(VI)=100 mg/L
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FIG. 3 Comparison of the nonlinearized adsorption isotherms for copper(I1) adsorption to C.
vulgaris, with the copper(l1) present as the single metal ion and in the presence of increasing-
concentrations of chromium(VI) ionsat pH 2 (T = 25°C; alga concentration = 1.0 g/L).

40
B Cr(Vh=0 mg/L
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FIG. 4 Comparison of the nonlinearized adsorption isotherms for copper(l1) adsorption to C.
vulgaris, with the copper(I1) present as the single metal ion and in the presence of increasing
concentrations of chromium(V1) ionsat pH 4. (T = 25°C; alga concentration = 1.0 g/L).
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uptakes obtained at pH 4.0 were much more higher than those obtained at pH
2.0, and the presence of a second metal ion [chromium(V1)] reduced the up-
take of copper(l1) in both cases. The combined effects of metal ions seemed to
be antagonistic.

In the second part of the biosorption studies, the uptake of chromium(V1)
ions in the presence of increasing concentrations of copper(ll) ionsin the 25
to 250 mg/L range was investigated at both pH values. While the initial
chromium(V1) concentration was changed from 25 to 150 mg/L, the initial
copper(11) concentration was held constant between 25 and 250 mg/L for each
experimental set. Figures 5 and 6 depict the variations of chromium(V1) up-
takes at equilibrium with increasing initial copper(l1) concentrationsat pH 2.0
and pH 4.0. Thefigures show that chromium(V1) equilibrium uptakesincrease
withincreasing initial chromium(V1) concentrations up to 150.0 mg/L at both
pH values. But increases of both copper(l1) concentration and pH also reduce
the chromium(V1) quantities at equilibrium. At pH 2.0 and pH 4.0 in the ab-
sence of copper(ll), equilibrium chromium(V1) uptakes were determined as
25.6 and 10.5 mg/qg, respectively, at 100 mg/L initial chromium(V1) concen-
tration. When initial copper(ll) concentration was kept at 100 mg/L at the
same initial chromium(V1) concentration, these values were reduced to 18.2
and 7.8 mg/g, respectively. It was al so obviousthat chromium(V1) uptakes ob-
tained at pH 2.0 were much higher than those obtained at pH 4.0, and the pres-
ence of a second metal ion [copper(ll)] also reduced the uptake of

50

B Cu(il)=0 mg/L
o Cu(ll)=25 mg/L
40 o Cu(ll)=50 mg/L
o Cu(ll)=75 mg/L
g 3o |4 Cu(lh=100 mg/L
E A Cu(ll)=150 mg/L
cE__ 20 | ® Culh=250m
c_ﬂ)

10

0 40 80 120

/L
Ceq,Cr (mg/L)

FIG.5 Comparison of the nonlinearized adsorption isotherms for chromium(V1) adsorption to
C. vulgaris, with the chromium(V1) present as the single metal ion and in the presence of in-
creasing concentrations of copper(l1) ionsat pH 2.0 (T = 25°C; alga concentration = 1.0 g/L).
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k=, "
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o
U.O

0 40 80 120
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FIG.6 Comparison of the nonlinearized adsorption isotherms for chromium(V1) adsorption to
C. vulgaris, with the chromium(V1) present as the single metal ion and in the presence of in-
creasing concentrations of copper(ll) ions at pH 4.0. (T = 25°C; alga concentration = 1.0

g/L).

chromium(V1) in both cases. The presence of a second metal ion [copper(11)]
also had a significant and but lessened effect on the uptake of chromium(V1)
in this situation.

In addition to the equilibrium uptakes and unadsorbed metal ion concentra-
tions, individual copper(Il), individual chromium(V1I), and total adsorption
yields found at different copper(ll) concentrations in the presence of increas-
ing concentrations of chromium(V1) at pH 2.0and pH 4.0 areasolistedin Ta
bles 3 and 4. It is seen from both tables that increasing in total metal ion con-
centration causes decreasing individual and total adsorption yields at these
two pH values. The results also show that the equilibrium uptakes are reduced
by chromium(VI) ions at both pH values, and the inhibitory effects of
chromium(V1) ions on the copper(Il) equilibrium uptakes increase with in-
creasing initial chromium(V1) concentrations. The selectivity of the algae for
chromium(V1) ions increases while the adsorption pH decreases and the
chromium(V1) concentration in the binary mixture is increased. To decide
whether those cation combinations are interacting in an antagonistic manner,
the adsorption yields of single- and multi-ion systems were also compared.
For instance, using Table 2, at pH 2.0 it was expected that the total adsorption
yield would be equal to 17.1% for a total 198.7 mg/L heavy metal mixture
made up of 98.9 mg/L copper(ll) and 99.8 mg/L chromium(V1). But from
Table 3 the experimental total adsorption yield was found to be 15.8% for a
total 200 mg/L heavy metal mixture consisting of 100.0 mg/L copper(l1) and
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TABLE 3

Comparison of the Equilibrium Uptakes, Equilibrium Residual Metal 1on Concentrations, and Individual Copper(ll), Individual &
Chromium(V1), and Total Adsorption Yields Found at Different Initial Copper(ll) Concentrations at pH 2.0 in the Presence of Increasing %
Concentrations of Chromium(V1) E

Cocu Cocr Oeqcu Ceqcu Oeqer Ceqcr Cocurcr Oeq(cu+cr) %
(mgl)  (mglL)  (mg/g)  (mglL)  %Adew  (Mmg/lg)  (Mg/L)  %Adc (mg/L) (mg/g) YAGry 2
)

250 251 29 221 116 12.2 12.9 48.6 50.1 151 30.1 @

49.8 24.8 3.0 46.8 6.2 114 134 45.8 74.6 144 19.3 8

74.9 24.9 41 70.8 55 11.2 13.7 44.8 99.8 15.3 15.3 %

101.2 25.1 5.2 96.0 51 10.2 14.9 40.6 126.3 154 12.2 T
151.2 26.0 7.3 143.9 4.8 10.0 16.0 38.4 177.2 17.3 9.7 5'
249.9 25.3 81 241.8 3.2 95 158 375 275.2 17.6 6.4 Z

25.0 50.3 18 23.2 7.2 15.0 35.3 29.8 75.3 16.8 22.3 %

49.8 499 25 47.3 51 145 35.4 29.1 98.8 17.0 17.2 o

76.0 51.2 3.8 72.2 5.0 14.2 370 277 127.2 18.0 141 =

99.2 49.3 4.2 95.0 4.2 13.3 36.0 26.9 148.5 175 11.8 ;

150.5 50.2 6.1 144.4 4.0 13.1 371 26.1 200.7 19.2 9.6 %
251.1 50.3 6.2 244.9 25 12.9 374 256 3014 19.1 6.3 o

24.9 100.3 17 23.2 6.8 225 77.8 224 125.2 24.2 19.3 <

49.8 99.9 2.2 47.6 4.4 20.5 79.4 20.5 149.7 22.7 15.2 —

74.9 99.6 33 71.6 4.4 19.3 80.3 194 174.5 22.6 12.9 <
101.0 101.3 39 97.1 3.8 18.2 83.1 17.9 202.3 22.1 10.9 5
151.2 101.9 42 147.0 2.8 17.8 84.1 175 253.1 22.0 8.7 2
250.1 1015 45 245.6 18 16.5 85.0 16.2 351.6 21.0 5.9 Z

25.0 150.2 15 235 6.0 225 127.7 14.9 175.2 24.0 13.7 Z

50.1 149.9 20 48.1 4.0 20.6 129.3 13.7 200.0 22.6 113 é

76.1 151.0 3.0 73.1 39 19.5 1315 12.9 227.1 225 9.9 2
101.2 149.8 35 97.7 35 185 131.3 12.3 251.0 225 8.8 E
150.9 149.7 4.1 146.8 2.7 18.0 131.7 12.0 300.6 221 7.3 o s
249.1 151.8 43 244.8 17 17.7 134.1 115 400.9 22.0 5.4 T ¢
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TABLE4 o1
Comparison of the Equilibrium Uptakes, Equilibrium Residual Metal 1on Concentrations, and Individual Copper (I1), Individual >
Chromium (V1), and Total Adsorption Yields Found at Different Initial Copper (I1) Concentrations at pH 4.0 in the Presence of
Increasing Concentrations of Chromium (V1)
COCu COCr qeqCu CeqCu qequ Cequ COCu+Cr qeq(Cu+Cr)
(mgk)  (mglLl)  (mg/g)  (mgll)  %Adew  (Mmg/lg)  (mg/L)  %Adc (mg/L) (mg/g) YAt
25.0 24.1 10.0 15.0 40.1 45 19.6 18.7 49.1 145 29.6
50.1 26.0 111 39.0 21.9 4.3 21.7 16.5 76.1 14.3 20.1
74.9 251 155 504 20.7 4.2 209 16.7 100.0 19.7 19.7
100.0 26.0 20.2 79.8 20.2 4.1 219 158 126.0 24.3 19.3
151.2 24.9 235 127.7 155 4.1 20.8 164 176.1 27.6 15.7
250.0 24.8 255 224.5 17.0 4.0 20.8 16.1 274.9 29.3 10.7
25.1 511 10.0 151 39.8 7.3 36.0 14.3 76.2 17.3 22.7
50.2 49.9 10.5 39.7 20.9 7.2 2.7 144 100.1 17.7 17.7
74.9 49.9 15.0 59.9 20.0 7.2 2.7 144 124.8 222 17.7
99.9 49.2 19.0 80.9 19.0 7.0 42.2 14.2 149.1 26.0 17.4
150.2 51.3 23.0 127.2 153 6.8 44.5 13.2 201.5 29.8 14.4
249.9 52.0 24.0 225.9 9.6 6.5 455 125 301.9 30.5 101
24.9 99.8 9.0 15.9 36.1 9.0 90.8 9.0 124.7 18.0 14.4 >
49.9 100.1 10.0 39.9 20.0 8.5 91.6 8.5 150.0 185 12.3 )
76.0 101.2 14.2 61.8 18.7 8.2 93.0 8.1 177.2 224 12.6 <
100.5 99.7 17.1 834 17.0 7.8 91.9 7.8 200.2 24.9 12.4 {3; 3
151.2 99.6 22.2 129.0 14.7 75 921 75 250.7 29.7 11.8 = 7
249.9 100.5 22.5 2274 9.0 7.0 935 7.0 350.4 295 8.4 m z
25.0 150.3 9.0 16.0 36.0 9.5 140.8 6.3 175.3 185 10.5 JZ> =
50.0 149.9 9.5 40.5 19.0 9.2 140.7 6.1 199.9 18.7 9.3 O g
76.0 151.0 14.0 62.0 14.0 9.1 141.9 6.0 227.0 231 10.2 é 5
150.2 149.9 215 128.7 14.3 8.1 141.8 54 300.1 29.3 9.8 — 2
250.0 150.2 21.0 229.0 8.8 8.0 1422 53 400.2 29.0 7.2 ('32 E
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100.0 mg/L chromium(V1) at the same pH. As aresult, the effect of the mix-
ture was found to be less than that of the individual effects of the constituents
in the mixture, so the interaction between copper(I1) and chromium(VI) can
be assumed to be antagonistic. The active sites on the algal cell can be more
effectively used owing to the competitive adsorption of metal ionsfrom binary
mixtures. The most logical reason for the antagonistic action can be explained
as being the competition for adsorption sites on the algae cells in the case of
copper(11) and chromium(V1) for both pH values.

The simultaneous biosorption phenomena of chromium(V1) and copper(11)
to C. wulgaris were expressed by the multicomponent Langmuir and Fre-
undlich adsorption models. The multicomponent Langmuir and Freundlich
adsorption constants for each metal ion evaluated from the multicomponent
Langmuir and Freundlich adsorption models at pH 2.0 and pH 4.0 are given
in Table 5. Using the monocomponent and multicomponent Langmuir and
Freundlich adsorption constantsfor each metal iongivenin Tablesland5, re-
spectively, geq vValues were predicted from the related competitive Langmuir
and Freundlich adsorption formulas. For simultaneous biosorption of cop-
per(I1) and chromium(V1) to C. vulgaris, comparisons of the experimental and
predicted geq Values obtained at pH 2.0 and pH 4.0 are givenin Figs. 7-10. As
seen from Figs. 7 and 8, the magnitudes of deviations found in the competi-
tive Langmuir adsorption model are much higher than those of the competi-
tive Freundlich adsorption model. It is also observed from Figs. 9 and 10 that

TABLES
Comparison of the Multicomponent Langmuir and Freundlich Adsorption Constants for Each
Metal on Evaluated from the Competitive Langmuir and Freundlich Adsorption Models
at pH 2.0. and at pH 4.0. for Simultaneous Biosorption of Copper(Il)
and Chromium(V1) to C. vulgaris

The Multicomponent Langmuir Model

pH 2.0 pH 4.0
M1 N2 M1 n2 TE
0.386 0.921 0.513 0.946 §
The Multicomponent Freundlich Model 5
pH 2.0 pH 4.0 ;
Metal ion Xi Yi z X Yi z e
Copper(l1) 0.051 0.097 0.563 0.188 0.242 0.198 E
Chromium(V1) 0.166 0.007 0.831 —1.495 0.000 0.513 E
5
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FIG.7 Comparison of the experimental and theorotical g, values evaluated from the compet-
itive Langmuir equation for copper(I1) and chromium(V1) adsorption from binary mixtures of
copper(11)—chromium(V1) at increasing copper(ll) and at constant chromium(V1) concentra-

tion for each experimental set a pH 2.0.
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FIG.8 Comparison of the experimental and theorotical g values evaluated from the compet-
itive Langmuir equation for copper(Il) and chromium(V1) adsorption from binary mixtures of
copper(I1)—chromium(V1) at increasing copper(ll) and at constant chromium(V1) concentra-

tion for each experimental set at pH 4.0.
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FIG.9 Comparison of the experimental and theorotical g, values evaluated from the compet-
itive Freundlich equation for copper(l1) and chromium(V1) adsorption from binary mixtures of
copper(I1)—chromium(VI) at increasing copper(ll) and at constant chromium(V1) concentra-

tion for each experimental set at pH 2.0.
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FIG. 10 Comparison of the experimental and theorotical gey values evaluated from the com-
petitive Freundlich equation for copper(l1) and chromium(V1) adsorption from binary mixtures
of copper(ll)—chromium(VI) at increasing copper(l1) and at constant chromium(V1) concentra-
tion for each experimental set at pH 4.0.
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the correlation between experimental and cal cul ated resultsin the competitive
Freundlich model for both metal ions and for both pH values are very good at
theinitial mixture concentrations studied except for very high initial metal ion
concentrations. It is concluded that the competitive, multicomponent Fre-
undlich model providesamore realistic description of the biosorption process.

CONCLUSION

In this study the ability of algae to bind copper(l1) and chromium(V1) ions
simultaneously from copper(I1)—chromium(V1)-bearing solutionswas investi-
gated, and the results were compared with single metal ion adsorption. In mix-
tures of two or more heavy metal species in a solution, the synergistic or an-
tagonistic interaction occurring between the metal ions may affect the
individual metal uptake by the algae. Although C. vulgaris had a higher ad-
sorption capacity for copper(I1) and chromium(V1) in the single metal ion sit-
uation, the adsorption uptake of copper(ll) and chromium(V1) in the binary
mixture of metal ions was found to decrease due to the pH of wastewater and
the levels of metal ion concentrations because of the antagonistic interaction
between the metal ions. The most logical reason for this behavior is claimed
to be the competition for different kinds of adsorption sites on the cells and/or
the screening effect by the second metal ion at both pH values. It can be said
that although the order of second metal ion addition affects the adsorption rate
and uptake negatively, C. vulgaris offersapractical approach to the binary re-
moval of copper(ll) and chromium(V1) from wastewater due to the pH of
wastewater and the levels of metal ion concentrations. Higher adsorption ca
pacities for selective or the simultaneous removal of metal ions could be car-
ried out in a batch reactor by adjusting the pH of wastewater and diluting
wastewater to the lower levels of metal ion concentrations.

For the single metal ion situation, adsorption isotherms were devel oped at
pH 2.0 and pH 4.0, and it was seen that the equilibrium datafor two metal ions
fit both the monocomponent Langmuir and Freundlich models. The individ-
ua Langmuir and Freundlich constants evaluated from the monocomponent
isotherms were used to compare the biosorptive capacity of the algae for both
metal ionsand to find the multicomponent Langmuir and Freundlich constants
in the competitive Langmuir and Freundlich models describing multicompo-
nent adsorption equilibrium. 1t was seen that the adsorption equilibrium data
fitted very well to the competitive Freundlich model in the concentration
ranges studied except for very high total initial concentrations of both metal
ions and pH values. The copper(I1)—chromium(VI) multi-ion system can be
defined with competitive Freundlich adsorption isotherms and used to model
the adsorption of binary systems from aqueous solutions.
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NOTATION

monocomponent (noncompetitive) Langmuir adsorption con-
stant of asingle metal ion related to the affinity of the binding
sites

individual Langmuir adsorption constants of the first and the
second metal ionsrelated to the affinity of the binding sites, re-
spectively

the unadsorbed concentration of the single metal ion at equi
librium (mg/L)

the unadsorbed concentrations of the first and the second
metal ions, respectively, at equilibrium (mg/L)

initial metal ion concentration (mg/L)

monocomponent (noncompetitive) Freundlich adsorption
constant of the single metal ion related to the adsorption ca
pacity

individual Freundlich adsorption constants of the first and the
second metal ions, respectively

monocomponent (noncompetitive) Freundlich adsorption
constant of the single metal ion related to adsorption intensity
individual Freundlich adsorption constants of the first and the
second metal ions, respectively

multicomponent (competitive) Freundlich adsorption con-
stants of the first component (the first metal ion) for two-com-
ponent systems

multicomponent (competitive) Freundlich adsorption con-
stants of the second component (the second metal ion) for two-
component systems

the adsorbed quantity of the metal ion per gram of dried alga
at equilibrium (mg/g)

the adsorbed quantities of the first and the second metal ions,
respectively, per gram of dried alga at equilibrium (mg/g)
monocomponent (noncompetitive) Langmuir adsorption con-
stant of single metal ion shows the maximum amount of metal
ion bound to the algae

individual Langmuir adsorption constants of the first and the
second metal ions show the maximum amount of metal ion
bound to the algae, respectively

multicomponent (competitive) Langmuir adsorption constants
of the first and the second metal ions, respectively, for two-
component systems
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