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This study focused on the biosorption of total chromium onto red algae (Ceramium virgatum) biomass
from aqueous solution. Experimental parameters affecting biosorption process such as pH, contact time,
biomass dosage and temperature were studied. Langmuir, Freundlich and Dubinin-Radushkevich (D-R)
models were applied to describe the biosorption isotherms. Langmuir model fitted the equilibrium data
better than the Freundlich isotherm. The biosorption capacity of C. virgatum biomass for total chromium
was found to be 26.5 mg/g at pH 1.5 and 10 g/L biomass dosage, 90 min equilibrium time and 20°C. From
the D-R isotherm model, the mean free energy was calculated as 9.7 k]/mol, indicating that the biosorp-
tion of total chromium was taken place by chemisorption. The calculated thermodynamic parameters
(AG°, AH°and AS°) showed that the biosorption of total chromium onto C. virgatum biomass was feasi-
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1. Introduction

The presence of toxic heavy metals contaminated in aqueous
streams, arising from the discharge of untreated metal containing
effluent into water bodies, is one of the most important envi-
ronmental issues [1]. Their presence in aquatic ecosystem causes
harmful effect to living organisms [2].

Chromium(VI) is one such metal known to be carcinogenic and
has an adverse potential to modify the DNA transcription process.
It is also reported to cause epigastric pain, nausea, vomiting, severe
diarrhea and hemorrhage [3]. It is reported that, chromate (CrO4~2)
is the prevalent species of Cr (VI) in natural aqueous environments,
and is the major pollutant from chromium related industries such
as mining, iron sheet cleaning, chrome plating, leather tanning
and wood preservation [4-6]. Therefore, the reduction of amount
of this metal from such effluents to a permissible limit before
discharging them into streams and rivers is very important for
human health and environment. In this regard, several conven-
tional wastewater treatment technologies such as ion exchange,
chemical precipitation, evaporation, membrane filtration, reverse
osmosis, electrodialysis and adsorption were developed and are
used successfully [7-10]. Application of such traditional treatment
techniques needs enormous cost and continuous input of chem-
icals which becomes impracticable and uneconomical and causes
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further environment damage [11]. On the other hand, biosorption is
an emerging technology for removal of heavy metals from industrial
wastewater [12]. The major advantages of this technique are the
reusability of biomaterial, low operating cost, improved selectivity
for specific metals of interest, removal of heavy metals from efflu-
ent irrespective of toxicity, short operation time and no production
of secondary compounds which might be toxic [13,14].

Marine algae otherwise known as seaweeds are extremely effi-
cient biosorbents with the ability to bind various metals from
aqueous effluents because of their cheap availability both in fresh
and saltwater, relatively high surface area and high binding affinity
[15-17]. Numerous chemical groups may be responsible for metal
biosorption by seaweeds, e.g. carboxyl, sulphonate, hydroxyl and
amino [18-20].

Ceramium virgatum as known red algae colonizes rock and algal
habitats from the midshore in rockpools to the open shore near
to low water level and in the shallow subtidal. C. virgatum is
widespread along the shores of Turkey, grows well along the Black
Sea coasts [21]. Different species of algal biomasses (brown, green
and red) have been used for the removal of heavy metals from aque-
ous solution [22-27]. However, according to authors’ survey, there
is no extensive study on the biosorption of total chromium using C.
virgatum in literature. In addition, this new material was chosen as
biosorbent in this study due to being of its natural, renewable and
thus cost-effective biomass.

The present work aims to investigate the biosorption potential
of C. virgatum for removal of total chromium from aqueous solu-
tion. Experimental parameters affecting biosorption process such
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as pH, contact time, biomass dosage and temperature were stud-
ied. The equilibrium biosorption data were evaluated by Langmuir,
Freundlich and Dubinin-Radushkevich (D-R)isotherm models. The
biosorption mechanism was also investigated in terms of thermo-
dynamics and kinetics.

2. Experimental procedures
2.1. Biomass preparation

The red alga (C. virgatum) was used as biosorbent for the
biosorption of total chromium. Samples of the biomass were col-
lected from the East Black Sea coast of Turkey. Samples were washed
several times using deionized water to remove extraneous and salts.
They were then dried in an oven at 60°C for 48 h. The dried algae
biomass was chopped, sieved and the particles with an average size
of 0.5 mm were used for biosorption experiments.

2.2. Reagents and equipments

All chemicals used in this work, were of analytical reagent grade
and were used without further purification. A PerkinElmer AAn-
alyst 700 flame atomic absorption spectrometer with deuterium
background corrector was used.

2.3. Batch biosorption procedure

Biosorption experiments were carried out at the optimum pH
value, contact time and adsorbent dosage level using the necessary
adsorbent in a 100 mL stoppered conical flask containing 25 mL
of test solution. Total chromium stock solutions were prepared
from K,Cr,07. 0.1 and 0.03 mol/L HCI were used for pH 1 and 1.5,
respectively. Sodium phosphate buffers (0.1 mol/L) were prepared
by adding an appropriate amount of phosphoric acid to sodium
dihydrogen phosphate solution to obtain solutions of pH 2-3.
Ammonium acetate buffers (0.1 mol/L) were prepared by adding an
appropriate amount of acetic acid to ammonium acetate solutions
to obtain solutions of pH 4-6. Ammonium chloride buffer solu-
tions (0.1 mol/L) were prepared by adding an appropriate amount
of ammonia to ammonium chloride solutions to obtain solutions of
pH 8.

Necessary amount of the biomass was then added and con-
tents in the flask were shaken for the desired contact time in
an electrically thermostatic reciprocating shaker at 100 rpm. The
experiments were repeated at 20, 30, 40 and 50°C. The time
required for reaching the equilibrium condition was estimated
by drawing samples at regular intervals of time till equilibrium
was reached. The contents of the flask were filtered through fil-
ter paper and the filtrate was analyzed for metal concentration by
flame AAS. The percent biosorption of metal ion was calculated as
follows:

G-C
C.

1

Biosorption (%) = [ } x 100 (1)
where C; and Cy are the initial and final metal ion concentrations,
respectively. Biosorption experiments for investigating the effect
of pH were conducted by using a solution having 10 mg/L of total
chromium concentration with a biomass dosage of 10 g/L. Through-
out the study, the contact time was varied from 10 to 150 min, the
pH from 1 to 8, the initial metal concentration from 10 to 400 mg/L,
and the biosorbent dosage from 0.4 to 40 g/L.

3. Results and discussion
3.1. FT-IR analysis

The FT-IR spectra of unloaded biomass, total chromium loaded
biomass were taken to obtain information on the nature of pos-

sible interactions between the functional groups of C. virgatum
biomass and the metal ions and is presented in Fig. 1. The broad and
strong band at 3367 cm~! may be due to the overlapping of O-H
and N-H stretching vibration. The band at 2921 cm™! is assigned
to the —CH stretch. The bands peaks at 1639 and 1471 cm~! may
be attributed to asymmetric and symmetric stretching vibration of
C=0 groups. The bands at 1251 and 1079 cm~! assign to stretching
of C-0 groups on the biomass surface. Some bands in the finger-
print region could be attributed to the phosphate groups. After
total chromium biosorption, the bands observed at 1471, 1251 and
1079 cm~! were shifted to 1468, 1241 and 1025 cm~!. The signifi-
cant changes in the wave numbers of these specific peaks suggested
that amido, hydroxy, C=0 and C-O groups could be involved in
the biosorption of total chromium onto C. virgatum. The similar
results were reported for the biosorption of different heavy metals
on various algae species [22,26,28].

3.2. Effect of pH

One of the important factors affecting adsorption of metal ions
is acidity of solution. Solution pH affects the cell wall metal binding
sites and the metal ion chemistry in water. Various authors [29,30]
have shown that solution pH greatly influences metal biosorption
by algae biomass. The effect of pH on the removal efficiency of total
chromium onto C. virgatum was studied by changing pH values in
the range of 1-8 and the results were presented in Fig. 2. From this
figure it is clear that the percent removal of total chromium is max-
imum for all the concentrations at pH 1.5 and thereafter decreases
with further increase in pH.

Generally, metal biosorption involves complex mechanisms of
ion exchange, chelation, adsorption by physical forces and ion
entrapment in inter- and intra-fibrillar capillaries and spaces of
the cell structural network of a biosorbent [31,32]. The FT-IR
spectroscopic analysis showed that the moss biomass has a vari-
ety of functional groups, such as carboxyl, hydroxyl and amine
and these groups are involved in almost all potential binding
mechanisms. Moreover, depending on the pH value of the aque-
ous solution, these functional groups participate in metal ion
bindings.

Biosorption of total chromium varies as a function of pH, with
H,Cr04, HCrO4—, Cry072-, CrO42~ and Cr3* ions present as domi-
nant species. At pH 1-2, HCrO4~ was the dominant species [33].

(a) Unloaded
(b) total chromium-loaded
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Fig. 1. FT-IR spectrum of unloaded and total chromium-loaded biomass.
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Fig. 2. Effect of pH (metal concentration:10 mg/L; temperature: 20°C).

The surface charge of C. virgatum should be positive at low pH,
and this should promote the binding of the negatively charged
HCrO4~ ions. The HCrO4~ species are most easily exchanged with
OH~ ions at active surfaces under acidic conditions. In the pH
3-5 range the sorption capacity decreased with increasing pH,
because the coordination bonds between metal ions and phenolic
hydroxyl functional groups and other ion exchangeable moieties
on the biomass surface are rather weak in the slightly acidic solu-
tion (i.e. pH 3.5-5.0) [34]. Moreover, decrease in biosorption at
higher pH (pH>5) is not only related the formation of soluble
hydroxilated complexes of the metal ions but also to the ionized
nature of the cell wall surface of the biomass under the studied
pH.

3.3. Effect of biomass dosage

The effect of biomass dosage on the biosorption of total
chromium was studied using different biomass dosage in the range,
0.4-40¢g/L (Fig. 3). Results showed that the biosorption efficiency is
highly dependent on the increase in biomass dosage of the solution.
This is expected because the higher dose of adsorbent in the solu-
tion, the greater availability of exchangeable sites for the ions. The
maximum biosorption yield (90%) was attained at about biomass
dosage, 10 g/L and was almost same at higher dosages. The decrease
in biosorption efficiency at higher biomass concentration could be
explained as a consequence of a partial aggregation of biomass,
which results in a decrease in effective surface area for the biosorp-
tion [35]. Therefore, the optimum biomass dosage was selected as
10 g/L for further experiments.

3.4. Effects of contact time and temperature

The contact time was evaluated as one of the most important
factors affecting the biosorption efficiency. Fig. 4 shows the biosorp-
tion efficiency as a function of contact time and temperature. The
biosorption efficiency increases with rise in contact time up to
90 min at 20-50°C and after then it is almost constant. There-
fore, the optimum contact time was selected as 90 min for further
experiments.

On the other hand, the biosorption yield decreased from 90
to 78% for total chromium with increasing temperature from 20
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Fig.3. Effect of biomass dosage (metal concentration, 10 mg/L; pH, 1.5; temperature,
20°C).

to 50°C during a 90-min contact time. This result indicated the
exothermic nature of total chromium biosorption onto C. virgatum.
This decreasing in biosorption efficiency may be attributed to many
parameters: the relative increase in the escaping tendency of the
chromium ions from the solid phase to the bulk phase; deactivat-
ing the biosorbent surface or destructing some active sites on the
biosorbent surface due to bond ruptures [36,37] or due to the weak-
ness of biosorptive forces between the active sites of the sorbents
and the sorbate species and also between the adjacent molecules
of sorbed phase [38]. The results are in agreement with the ther-
modynamics point of view.

3.5. Biosorption isotherm models

The capacity of a biomass can be described by equilibrium sorp-
tion isotherm, which is characterized by certain constants whose
values express the surface properties and affinity of the biomass
[39]. In this study, three important sorption isotherm models were
selected to fit experimental data, which are namely Langmuir, Fre-
undlich and Dubinin-Radushkevich (D-R) isotherm models.
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Fig. 4. Effect of contact time and temperature (metal concentration, 10 mg/L;
biomass dosage, 10 g/L; pH 1.5).
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Fig. 5. Langmuir isotherm plots for biosorption of total chromium onto Ceramium
virgatum (biomass dosage, 10 g/L; contact time, 90 min; pH 1.5; temperature, 20 °C).

The Langmuir model assumes that the uptake of metal ions on
a homogenous surface by monolayer adsorption without any inter-
action between adsorbed ions. Langmuir isotherm can be defined
according to the following formula [40]:

_ qmKiCe
Qe = 11K.Co (2)

where g is the equilibrium metal ion concentration on the adsor-
bent (mg/g), Ce is the equilibrium metal ion concentration in the
solution (mg/L), gm is the monolayer biosorption capacity of the
adsorbent (mg/g) and Ki is the Langmuir biosorption constant
(L/mg) relating the free energy of biosorption.

Fig. 5 indicates the non-linear relationship between the amount
(mg) of total chromium sorbed per unit mass (g) of C. virgatum
biomass against the concentration of total chromium remaining
in solution (mg/L). The coefficients of determination (R?) were
found to be 0.995 for total chromium biosorption, indicating that
the biosorption of the metal ions onto C. virgatum fitted well the
Langmuir model. In other words, the sorption of metal ions onto C.
virgatum was taken place at the functional groups/binding sites on
the surface of the biomass which is regarded as monolayer biosorp-
tion.

The K value was found as 4.4 x 10-2 L/mg and the maximum
biosorption capacity (qm) was found to be 26.5 mg/g. As also seen in
Table 1, in order to indicate the biosorption potential of C. virgatum
for total chromium, g, value is compared with other biosorbents
reported in the literature [7,41-47]. The biosorption capacity of C.
virgatum biomass for total chromium is higher than that of the
majority of the biomasses. Therefore, it can be noteworthy that
the C. virgatum has considerable potential for the removal of total
chromium from aqueous solution.

Freundlich isotherm is used for modeling the adsorption on het-
erogeneous surfaces. This isotherm can be explained as follows
[48]:

ge = KiCo/" 3)

where K; is a constant relating the biosorption capacity and 1/n is
an empirical parameter relating the biosorption intensity, which
varies with the heterogeneity of the material.

Fig. 6 shows the Freundlich isotherms obtained by fitting equi-
librium data to Eq. (3). The values of Kf and 1/n were found to be
3.8 and 0.4, respectively. The 1/n values were between 0 and 1, indi-

Table 1
Comparison of biosorption capacity of Ceramium virgatum for total chromium with
that of various sorbents

Sorbent pH Reference

qm (Mg/g)

15.8 17]
50.9 [41]
95.0 [42]
143.0 [42]
91.7 [43]
195.2 [43]

Neurospora crassa (acetic acid pretreated) 1

Brown coal 3

Pseudomonas sp. 1

Staphylococcus xylosus 1

Activated bentonite 5

Hazelnut shell ash (1 mm) 3

Olive oil industry waste 2 13.9 [44]

Fucus vesiculosus (brown algae) 2 42.7 [45]

Fucus spiralis (brown algae) 2 5.4 [45]

Ulva lactuca (green algae) 2 27.6 [45]

Ulva spp. (green algae) 2 30.2 [45]

Palmaria palmate (red algae) 2 33.8 [45]

Polysiphonia lanosa (red algae) 2 45.8 [45]

Saccharomyces cerevisiae 1 32.6 [46]

Alternanthera philoxeroides 2 17.7 [47]
1

C. virgatum (red algae) 5 26.5 Present study

cating that the biosorption of total chromium onto C. virgatum was
favorable at studied conditions. However, compared to the R? val-
ues, 0.931 with that obtained from the Langmuir model, it can be
remarkably noted that the Langmuir isotherm model is better fitted
the equilibrium data.

The equilibrium data were also applied to the D-R isotherm
model to determine the nature of biosorption processes as phys-
ical or chemical. The linear form of the D-R isotherm equation [49]
shown in the following equation:

In ge =In qm — Be? (4)

where g is the amount of metal ions adsorbed on per unit weight of
biomass (mol/L), g, is the maximum biosorption capacity (mol/g),
B is the activity coefficient related to mean biosorption energy
(mol?/]?) and ¢ is the Polanyi potential (¢ =RTIn(1+1/Ce)).

The D-R isotherm model well fitted the equilibrium data since
the R? value was found to 0.990 (Fig. 7). From the intercept of the
plots, the gm value was found to be 1.4 x 10~3 mol/g. The mean
biosorption energy (E; kj/mol) is as follows:

1

Ner

E=

(5)

4. (mg/g)
[ ]

50 100 150 200 250
Ce (mg/L)

o

Fig. 6. Freundlich isotherm plots for biosorption of total chromium onto C. virgatum
(biomass dosage, 10 g/L; contact time, 90 min; pH 1.5; temperature, 20 °C).
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Fig. 7. D-R isotherm plots for biosorption of total chromium onto C. virgatum (pH
1.5; biomass dosage, 10 g/L; contact time, 90 min; temperature, 20°C).

The mean free energy of biosorption gives information about
biosorption mechanism, physical or chemical. If E value lies
between 8 and 16 kJ/mol, the biosorption process takes place chem-
ically and while E<8kJ/mol the biosorption process is physically
[28]. The mean biosorption energy was calculated as 9.7 k]/mol
and indicated that the biosorption of total chromium onto C. virga-
tum may be proceeded by binding surface functional groups. This
result is also confirmed by FT-IR spectroscopy and thermodynamic
results.

3.6. Biosorption kinetics

Kinetics is one of the major parameters to evaluate biosorption
dynamics and the kinetic constants can be used to optimize the
residence time of a biosorption process. In order to examine the
controlling mechanism of the biosorption process, kinetic models
are used to test the experimental data. In this study, the equilibrium
data were analyzed using two simplest kinetic models, pseudo-
first-order and pseudo-second-order model.

The linear form of the pseudo-first-order rate equation [50] is
given as

In(ge — qt) =1In qe — kst (6)

where g; and ge (mg/g) are the amounts of the metal ions sorbed
at equilibrium (mg/g) and t (min), respectively and k; is the rate
constant of the equation (min~1). The biosorption rate constants
(k1) can be determined experimentally by plotting of In(qe —q¢)
versus t.

The plots of In(ge — q¢) versus t for the pseudo-first-order model
were not shown as figure because the R? values are found to be low
(R%2=0.932-0.981, as seen in Table 2). Based on these results it can

Table 2
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Fig. 8. Pseudo-second-order kinetic plots at different temperatures.

be concluded that the biosorption of total chromium onto C. virga-
tum does not fit a pseudo-first-order kinetic model. Moreover, from
Table 2, it can be seen that the experimental values of ge exp are not
in good agreement with the theoretical values calculated (geqca1)
from Eq. (6). Therefore, the pseudo-first-order model is not suitable
for modeling the biosorption of total chromium onto C. virgatum.
Experimental data were also tested by the pseudo-second-order
kinetic model which is given in the following form [51]:

L <1) (L) o
qt kzqg Je

where k, (g/mg min) is the rate constant of the second-order equa-
tion, q; (mg/g) is the amount of biosorption time t (min) and ge is
the amount of biosorption equilibrium (mg/g).

This model is more likely to predict kinetic behavior of biosorp-
tion with chemical sorption being the rate-controlling step [51].
The linear plots of t/qt versus t for the pseudo-second-order model
at 20-50°C were shown in Fig. 8. The R? values are very high
(0.993-0.999) as seen in Table 2. In addition, the theoretical gey ¢,
values are closer to the experimental geexp values. In the view of
these results, it can be said that the pseudo-second-order kinetic
model provided a good correlation for the biosorption of total
chromium onto C. virgatum in contrast to the pseudo-first-order
model. This conclusion is in agreement with literature [52,53].

3.7. Biosorption thermodynamics

Thermodynamic parameters including the change in free energy
(AG®), enthalpy (AH°) and entropy (AS°) were used to describe
thermodynamic behaviour of the biosorption of total chromium
onto C. virgatum. These parameters were calculated from following

Kinetic parameters obtained from pseudo-first-order and pseudo-second-order for total chromium bisorption onto C. virgatum at different temperatures

Temperature (°C) Pseudo-first-order

Pseudo-second-order

Geexp (Mg(E) ki (min=1) Ge1.ca (ME[g) R? k> (g/mg min) Ge2.cal (Mg/E) R?
20 2.2 3.5x 1072 14 0.981 24 3.5 0.995
30 2.1 32 %102 1.1 0.962 22 3.2 0.998
40 2.0 2.0 x 102 1.0 0.932 2.1 3.0 0.997
50 1.9 1.8 x 102 0.9 0.954 2.0 2.9 0.998
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Fig. 9. Plot of In Kp vs. 1/T for the estimation of thermodynamic parameters for
biosorption of total chromium onto C. virgatum.

equations:
AG° = —RT In Kp (8)

where R is the universal gas constant (8.314]/mol K), T is tempera-
ture (K) and Kp (ge/Ce) is the distribution coefficient.

By considering Eq. (9), the enthalpy (AH°) and entropy (AS°) of
biosorption were estimated from the slope and intercept of the plot
of In Kp versus 1/T yields, respectively (Fig. 9).

AS° AH°

o= (5) - (Fr) ®

The free energy change (AG°) was calculated to be —16.3, —16.1,
—15.8 and —15.5Kk]/mol for the biosorption of total chromium at
20, 30, 40 and 50°C, respectively. The negative AG° values indi-
cated thermodynamically feasible and spontaneous nature of the
biosorption. The decrease in AG° values with increase in tem-
perature shows a decrease in feasibility of biosorption at higher
temperatures. The enthalpy of biosorption (AH°) was found to be
—24.9K]J/mol. The negative AH° is indicator of exothermic nature
of the biosorption and also its magnitude gives information on
the type of biosorption, which can be either physical or chemical.
The enthalpy or heat of biosorption, ranging from 0.5 to 5 kcal/mol
(2.1-20.9 kJ/mol) corresponds a physical sorption as it ranges from
20.9t0418.4 k]J/mol in case of a chemical sorption [54]. The biosorp-
tion heat falls into the heat range of chemisorption. Therefore, the
AH° values showed that the biosorption process of total chromium
onto C. virgatum were taken place via chemisorption. The energy
value obtained from the D-R model also confirms this result. The
AS° parameter was found to be —29.4 ]J/mol K for total chromium
biosorption. The negative AS° value suggests a decrease in the ran-
domness at the solid/solution interface during the biosorption of
total chromium onto C. virgatum.

4. Conclusions

This study focused on the biosorption of total chromium onto
C. virgatum algal biomass from aqueous solution. The operating
parameters, pH of solution, biomass dosage, contact time and
temperature, were effective on the biosorption efficiency of total
chromium. Biosorption equilibrium was better described by the
Langmuir isotherm model than the Freundlich model. The biosorp-

tion capacity of C. virgatum for total chromium was found to be
26.5mg/g at pH 1.5 and 10g/L biomass dosage, 90 min equilib-
rium time and 20°C. From the D-R model, the mean energy was
determined as 9.7 kJ/mol, indicating that the biosorption of total
chromium onto C. virgatum may be carried out by chemisorp-
tion. Kinetic examination of the equilibrium data showed that the
biosorption of total chromium ions onto C. virgatum followed well
the pseudo-second-order kinetic model. The thermodynamic cal-
culations indicated the feasibility, exothermic and spontaneous
nature of the biosorption process at 20-50 °C. Based on all results, it
can be also concluded that the C. virgatum is an effective and alter-
native biomass for the removal of total chromium from an aqueous
solution because of its considerable biosorption capacity, being of
its natural, renewable and thus cost-effective biomass.

Acknowledgements

The authors are grateful for the financial support of the Unit
of the Scientific Research Projects of Gaziosmanpasa University.
The authors also would like to thank O.D. Uluozlu for his help in
experimental studies and Dr. Bedrettin Selvi for identification of
red algae.

References

[1] A.H. Hawari, C.N. Mulligan, Heavy metals uptake mechanisms in a fixed bed
column by calcium treated anaerobic biomass, Process Biochem. 41 (2006)
187-198.

[2] W. Xuejiang, C. Ling, X. Siqing, Z. Jianfu, ].M. Chovelon, N.J. Renault, Biosorption
of Cu(Il) and Pb(II) from aqueous solutions by dried activated sludge, Miner.
Eng. 19 (2006) 968-971.

[3] M. Dakiky, M. Khamis, A. Manassra, M. Mefeb, Selective adsorption of
chromium(VI) in industrial wastewater using low cost abundantly available
adsorbents, Adv. Environ. Res. 6 (2002) 533-540.

[4] K.R.Krishna, L. Philip, Bioremediation of Cr (VI) in contaminated soils, J. Hazard.
Mater. 121 (2005) 109-117.

[5] US. Environmental Protection Agency, Toxicological Review of Hexavalent
Chromium. National Center for Environmental Assessment, Office of Research
and Development, Washington, DC, 1998.

[6] S. Basha, Z.V.P. Murthy, Kinetic and equilibrium models for biosorption of Cr
(VI) on chemically modified seaweed, Cystoseira indica, Process Biochem. 42
(2007) 1521-1529.

[7] S. Tunali, I. Kiran ve, T. Akar, Chromium(VI) biosorption characteristics of Neu-
rospora crassa fungal biomass, Miner. Eng. 18 (2005) 681-689.

[8] A.Sar1, M. Tuzen, O.D. Uludzlii, M. Soylak, Biosorption of Pb(1l) and Ni(Il) from
aqueous solution by lichen (Cladonia furcata) biomass, Biochem. Eng. J. 37
(2007) 151-158.

[9] A. Sari, M. Tuzen, M. Soylak, Adsorption of Pb(Il) and Cr(Ill) from aqueous
solution on celtek clay, J. Hazard. Mater. B 141 (2007) 258-263.

[10] T.AKkar,S. Tunali, [. Kiran, Botrytis cinerea as a new fungal biosorbent for removal
of Pb(II) from aqueous solutions, Biochem. Eng. J. 25 (2005) 227-235.

[11] RS. Prakasham, J. Sheno Merrie, R. Sheela, N. Saswathi, S.V. Ramakrishna,
Biosorption of chromium VI by free and immobilized Rhizopus arrhizus, Environ.
Pollut. 104 (1999) 421-427.

[12] Z.R.Holan, B. Volesky, I. Prasetyo, Biosorption of cadmium by biomass of marine
algae, Biotechnol. Bioeng. 41 (1993) 819-825.

[13] M. Spinti, H. Zhuang, E.M. Trujillo, Evaluation of immobilized biomass beads
for removing heavy metals from wastewaters, Water Environ. Res. 67 (6) (1995)
943-952.

[14] T. Srinath, T. Verma, P.W. Ramteke, S.K. Garg, Chromium(VI) biosorption and
bioaccumulation by chromate resistant bacteria, Chemosphere 48 (2002)
427-435.

[15] A. Ozer, G. Akkaya, M. Turabik, The removal of Acid Red 274 from wastewa-
ter: combined biosorption and biocoagulation with Spirogyra rhizopus, Dyes
Pigments 71 (2006) 83-89.

[16] T.A. Davis, B. Volesky, A. Mucci, A review of the biochemistry of heavy metal
biosorption by brown algae, Water Res. 37 (2003) 4311-4330.

[17] M.T.K. Tsui, K.C. Cheung, N.EY. Tam, M.H. Wong, A comparative study on metal
sorption by brown seaweed, Chemosphere 65 (2006) 51-57.

[18] R.W. Smith, C. Lacher, Sorption of Hg(II) by potamogeton natans dead biomass,
Miner. Eng. 15 (2002) 187-191.

[19] A.A. Hamdy, Biosorption of heavy metals by marine algae, Curr. Microbiol. 41
(2000) 232-238.

[20] R.]Jalali, H. Ghafourian, Y. Asef, S.J. Davarpanah, S. Sepehr, Removal and recovery
of lead using nonliving biomass of marine algae, J. Hazard. Mater. B 92 (2002)
253-262.

[21] M. Tiizen, Determination of trace metals in sea lettuce (ulva lactuca) by atomic
absorption spectrometry, Fresen. Environ. Bull. 11 (2002) 405-409.



A. San, M. Tuzen / Journal of Hazardous Materials 160 (2008) 349-355 355

[22] V. Murphy, H. Hughes, P. McLoughlin, Copper binding by dried biomass of red,
green and brown macroalgae, Water Res. 41 (2007) 731-740.

[23] N.R. Bishnoi, R. Kumar, S. Kumar, S. Rani, Biosorption of Cr(Ill) from aque-
ous solution using algal biomass spirogyra spp., ]. Hazard. Mater. 145 (2007)
142-147.

[24] M.E. Romero-Gonzalez, C.J. Williams, P.H.E. Gardiner, Study of the mechanisms
of cadmium biosorption by dealginated seaweed waste, Environ. Sci. Technol.
35(2001) 3025-3030.

[25] M.A. Hashim, K.H. Chu, Biosorption of cadmium by brown, green, and red sea-
weeds, Chem. Eng. . 97 (2004) 249-255.

[26] P.XinSheng, Y.P.Ting, ].P. Chen, L. Hong, Sorption of lead, copper, cadmium, zinc,
and nickel by marine algal biomass: characterization of biosorptive capacity
and investigation of mechanisms, ]. Colloid Interface Sci. 275 (2004) 131-141.

[27] M.A. Hashima, K.H. Chu, Biosorption of cadmium by brown, green, and red
seaweeds, Chem. Eng. J. 97 (2004) 249-255.

[28] P.Lodeiro,].L. Barriada, R. Herrero, M.E. Sastre de Vicente, The marine macroalga
Cystoseira baccata as biosorbent for cadmium(II) and lead(Il) removal: kinetic
and equilibrium studies, Environ. Pollut. 142 (2006) 264-273.

[29] M.M. Figueira, B. Volesky, H.J. Mathieu, Instrumental analysis study of iron
species biosorption by Sargassum biomass, Environ. Sci. Technol. 33 (1999)
1840-1846.

[30] J.P.Chen, L.A. Hong, S.N. Wu, L. Wang, Elucidation of interactions between metal
ions and Ca alginate-based ion-exchange resin by spectroscopic analysis and
modeling simulation, Langmuir 18 (2002) 9413-9421.

[31] Y.Zhang, C.Banks, A comparison of the properties of polyurethane immobilized
Sphagnum moss, seaweed, sunflower waste and maize for the biosorption of
Cu, Pb, Zn and Ni in continuous flow packed columns, Water Res. 40 (2006)
788-798.

[32] K. Chojnacka, A. Chojnacki, H. Gorecka, Biosorption of Cr3*, Cd** and Cu?* ions
by blue-green algae Spirulina sp.: kinetics, equilibrium and the mechanism of
the process, Chemosphere 59 (2005) 75-84.

[33] G. Arslan, E. Pehlivan, Batch removal of chromium(VI) from aqueous solution
by Turkish brown coals, Bioresour. Technol. 98 (2007) 2836-2845.

[34] M.E. Argun, S. Dursun, C. Ozdemir, M. Karatas, Heavy metal adsorption by mod-
ified oak sawdust: thermodynamics and kinetics, ]. Hazard. Mater. 141 (2007)
77-85.

[35] S. Karthikeyan, R. Balasubramanian, C.S.P. Iyer, Evaluation of the marine algae
Ulva fasciata and Sargassum sp. for the biosorption of Cu(II) from aqueous solu-
tions, Bioresour. Technol. 98 (2007) 452-455.

[36] A.K. Meena, G.K. Mishra, P.K. Rai, C. Rajagopal, P.N. Nagar, Removal of heavy
metal ions from aqueous solutions using carbon aerogel as an adsorbent, J.
Hazard. Mater. B 122 (2005) (2005) 161-170.

[37] J. Romero-Gonzalez, ].R. Peralta-Videa, E. Rodriiguez, S.L. Ramirez, J.L. Gardea-
Torresdey, Determination of thermodynamic parameters of Cr(VI) adsorption
from aqueous solution onto Agave lechuguilla biomass, . Chem. Thermodyn. 37
(2005) 343-347.

[38] K.P. Yadav, B.S. Tyagi, Fly-ash for the treatment of Cd-rich effluent, Environ.
Technol. Lett. 8 (1987) 225-234.

[39] G. Dursun, H. Cicek, A.Y. Dursun, Adsorption of phenol from aqueous solu-
tion by using carbonized beet pulp, J. Hazard. Mater. 125 (2005) 175-
182.

[40] L. Langmuir, The adsorption of gases on plane surfaces of glass, mica and pla-
tinium, J. Am. Chem. Soc. 40 (1918) 1361-1403.

[41] F. Gode, E. Pehlivan, Chromium(VI) adsorption by brown coals, Energy Source
Part A 28 (2006) 447-457.

[42] M. Ziagova, G. Dimitriadis, D. Aslanidou, X. Papaioannou, E. Litopoulou Tzan-
netaki, M. Liakopoulou-Kyriakides, Comparative study of Cd(Il) and Cr(VI)
biosorption on Staphylococcus xylosus and Pseudomonas sp. in single and binary
mixtures, Bioresour. Technol. 98 (2007) 2859-2865.

[43] Y. Bayrak, Y. Yesiloglu, U. Gecgel, Adsorption behavior of Cr (VI) on activated
hazelnut shell ash and activated bentonite, Micropor. Mesopor. Mater. 91
(2006) 107-110.

[44] E. Malkoc, Y. Nuhoglu, M. Dundar, Adsorption of chromium(VI) on pomace—an
olive oil industry waste: batch and column studies, ]. Hazard. Mater. 138 (2006)
142-151.

[45] V.Murphy, H. Hughes, P. McLoughlin, Comparative study of chromium biosorp-
tion by red, green and brown seaweed biomass, Chemosphere 70 (2008)
1128-1134.

[46] A.Ozer, D. Ozer, Comparative study of the biosorption of Pb(II), Ni(II) and Cr(VI)
ions onto S. cerevisiae: determination of biosorption heats, J. Hazard. Mater. 100
(2003) 219-229.

[47] X.S. Wang, Y. Qin, Removal of Ni(II), Zn(Il) and Cr(VI) from aqueous solu-
tion by Alternanthera philoxeroides biomass, ]. Hazard. Mater. 138 (2006) 582-
588.

[48] H.M.F.Freundlich, Uber die adsorption in l6sungen, Zeitschrift fiir Physikalische
Chemie (Leipzig) 57A (1906) 385-470.

[49] M.M. Dubinin, E.D. Zaverina, L.V. Radushkevich, Sorption and structure of active
carbons. I. Adsorption of organic vapors, Zhurnal Fizicheskoi Khimii 21 (1947)
1351-1362.

[50] S. Lagergren, Zur theorie der sogenannten adsorption geloster stoffe, Kungliga
Svenska Vetenkapsakademiens, Handlingar 24 (1898) 1-39.

[51] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes, Process
Biochem. 34 (1999) 451-465.

[52] B.L. Martins, C.C.V. Cruz, A.S. Luna, C.A. Henriques, Sorption and desorption
of Pb?* ions by dead Sargassum sp., Biomass. Biochem. Eng. J. 27 (2006) 310~
314.

[53] Y.P. Kumar, P. King, V.S.R.K. Prasad, Removal of copper from aqueous solution
using Ulva fasciata sp.—a marine green algae, J. Hazard. Mater. B 137 (2006)
367-373.

[54] L. Deng, Y. Su, H. Su, X. Wang, X. Zhu, Sorption and desorption of lead (II) from
wastewater by green algae Cladophora fascicularis, J. Hazard. Mater. 143 (2007)
220-225.



	Biosorption of total chromium from aqueous solution by red algae (Ceramium virgatum): Equilibrium, kinetic and thermodynamic studies
	Introduction
	Experimental procedures
	Biomass preparation
	Reagents and equipments
	Batch biosorption procedure

	Results and discussion
	FT-IR analysis
	Effect of pH
	Effect of biomass dosage
	Effects of contact time and temperature
	Biosorption isotherm models
	Biosorption kinetics
	Biosorption thermodynamics

	Conclusions
	Acknowledgements
	References


