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ABSTRACT

Prominent microalgal species, namely Anabaena, Oscillatoria, Phormidium, and Spirogyra, were
isolated from estuaries polluted with tannery effluents and studied to determine their Cr
(VI) bio-sorption potential. The bio-sorption potential was determined by studying the effect
of growth, biomass, reduction of Cr(VI) levels, and Cr(VI) absorption by the microalgal spe-
cies. The respective values for Anabaena, Oscillatora, Phormidium, and Spirogyra compared
with the control were as follows: growth in BG 11 medium containing tannery effluent was
53.99, 60.03, 55.76, and 55.85%; the biomass was 60.65, 77.61, 67.16, and 76.01%; the Cr(VI)
reduction potential was 70.96, 80.64, 76.12, and 74.83%; and the bio-sorption potential was
75.48, 80.64, 79.35, and 77.41%. The removal of heavy metals by microalgal biomass involves
bio-reduction and bio-sorption. Fourier-transform infrared spectroscopy and nuclear mag-
netic resonance results revealed the presence of microalgal sorption sites. All four species
showed maximum removal through bio-sorption, which was achieved at the end of the sta-
tionary phase. Kinetic models such as pseudo-first-order and pseudo-second-order models
were tested, and the experimental data were in agreement with the kinetic model. The
results of this study suggest that the microalgal species employed could be used as effective
bio-sorbents for Cr(VI) removal from tannery effluents.
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1. Introduction

In India, during the past few decades, the discharge
of heavy metals from tanneries into the environment

has become a matter of concern [1]. Tannery pollutants
introduced into the environment mainly by the leather
processing units are the by-products of chrome tanning
of leather using chromium [2,3]. Chromium exists in
several oxidation states, but the most stable and
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common forms are Cr3+ and Cr6+, of which Cr6+ is
more toxic [4–6]. Hexavalent chromium compounds
are genotoxic carcinogens, and their accumulation in
the food chain leads to serious ecological and health
problems [7,8]. Ingestion of Cr(VI) can increase the risk
of lung cancer, in addition to causing irritation or
ulcers in the stomach and intestines of humans [9,10].

Conventional methods, such as chemical precipita-
tion, membrane filtration, solvent extraction, and ion
exchange, have been commonly employed for strip-
ping toxic metals from wastewaters [11,12]. All con-
ventional treatment methods have several
disadvantages such as high cost and generation of
toxic sludge [13,14]. Furthermore, these processes
might become ineffective or extremely expensive when
metal concentration in wastewater becomes very low.

Metal uptake capacity of microalgal biomass is
higher than that of chemical sorbents employed in
conventional techniques [15,16]. Among the various
forms of algae, microalgae such as Arthrospira have
been found to possess higher metal uptake capacities
[17]. This is due to the presence of polysaccharides,
proteins and lipids containing functional groups such
as amino, hydroxyl, carboxyl, and sulfate on the sur-
face of their cell walls, which can act as binding sites
for metals [18]. Microalgae also exhibit eco-friendly
characteristics and high uptake capacity apart from
involving low cost, lack of toxicity constraints, and
less sludge production. Microalgae are also effective
in treating wastewater with all levels of contamination
[19]. The mechanism of interaction of heavy metals,
particularly chromium, with biological systems is very
different and complex [20,21]. The kinetics of bio-sorp-
tion comprise an important design parameter that
describes how the adsorbate interacts with the bio-sor-
bent [22–24]. The bio-sorption was investigated by fit-
ting of the experimental data to the pseudo-first-order
and pseudo-second-order kinetic models [25,26].

To the best of our knowledge, no in-depth study
has been carried out on the removal of Cr(VI) using
biomass of freshwater microalgae, such as Anabaena,
Oscillatoria, Phormidium, and Spirogyra. Therefore, the
objective of this study was to analyze the Cr(VI) bio-
sorption capacity of the microalgal species isolated
from an estuary of tannery effluent-polluted Palar
River near Vaniyambadi, in Tamil Nadu, India. It is
well known that Vellore district of Tamil Nadu state,
particularly Vaniyambadi and Ambur (an industrial
area), has several tanneries and associated industries,
which release heavy metals and cause huge environ-
mental problems. This study aimed to evaluate the
adsorption capacities of the microalgae; in addition,
Fourier-transform infrared spectroscopy (FTIR) and
nuclear magnetic resonance (NMR) studies determined

the sorption sites, and kinetic models were used to
determine the sorption rates.

2. Materials and methods

2.1. Sampling site of microalgae

The microalgae Anabaena, Oscillatoria, Phormidium,
and Spirogyra were used as bio-sorbents for the bio-
sorption of heavy metals in tannery effluents. Microal-
gal samples were collected from the estuaries of the
Palar River near Vaniyambadi, Vellore district, Tamil
Nadu, India. The collected microalgal species were
identified by Prof. V. Krishnamurthy, (late) Director,
Krishnamurthy Institute of Algology, Chennai, Tamil
Nadu, India, with reference to the monograph of T.V.
Desikachary [27].

2.2. Collection of tannery effluent

Tannery effluent was collected from the Ambur
taluk of Vellore district, Tamil Nadu, India. The pres-
ence of chromium was analyzed by atomic absorption
spectroscopy (AAS), and it was found to be 155 mg/L
in 100% effluent [28,34].

2.3. Growth of the microalgae

Growth rate of Anabaena, Oscillatoria, Phormidium,
and Spirogyra was monitored turbidimetrically at
560 nm, and their doubling time and specific growth
rate were calculated. The formula used for calculating
the doubling time (td) was 2.303 * (log day 2−log
day 1)/(day 2−day 1), and specific growth rate (μ) was
determined as μ = 0.693/td [29].

2.4. Biomass estimation

Biomass content of all the species was estimated
using the following formula:

(Weight [g/L] = OD primary × 0.238 [empirical
data, dependent on cell strain, etc.]) [30].

2.5. Physicochemical analysis of tannery effluent

The tannery effluent was analyzed for its physico-
chemical parameters before and after treatment
according to the standard methods of American Public
Health Association [28].

2.6. Chromium reduction study

Concentrations of chromium ions in the tannery
effluent were analyzed using a spectrophotometer
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(Gene Quant 1300 GE Lifesciences, UK) at 540 nm by
complexing it with 1,5-diphenylcarbazide in an acidic
medium [31].

2.7. Chromium absorption study and bio-sorption efficiency

Cell suspensions of the microalgae were analyzed
for the presence of chromium by atomic absorption
spectrometry (AAS) (Varian 250 model) [28]. The bio-
sorption efficiency was calculated using the following
formula: Sorption (%) = C0 − Ce/C0 × 100, where C0

and Ce are the initial and equilibrium concentrations
of Cr(VI) (mg/L) [26].

2.8. FTIR study

Dried microalgal samples were analyzed in the
FTIR (Perkin–Elmer, MA, USA) for identification of
the functional groups. The microalgal cell suspension
was dried and finely ground with potassium bromide;
these pellets were made into disks by applying pres-
sure and used for analysis.

2.9. NMR study

Dried microalgal samples were analyzed by 1H
NMR (Bruker, USA) for the identification of sorption

sites. The NMR spectrum was obtained using deuter-
ated cadmium chloride solution as the solvent. Nor-
mal microalgae and microalgae with effluent were
analyzed separately to determine the metal complexa-
tion on the algae sorption sites.

2.10. Kinetic modeling study

The kinetic models of the pseudo-first-order [32]
and pseudo-second-order [33] adsorption rate can be
determined as follows. The pseudo-first-order rate
equation is log (qe − qt) = log qe – (k1/2.303) t, where qe
and qt (mg/g) are the amounts of Cr(VI) sorbed onto
the mass of algae at equilibrium and at time t (min),
respectively, and k1 is the rate constant of the pseudo-
first-order kinetics. The pseudo-second-order kinetic
model rate equation is t/qt = (1/k2q2e ) + (1/qe) t, where
qe and qt are the amounts of Cr(VI) sorbed onto the
mass of algae at equilibrium and at time t (min),
respectively, and k2 is the rate constant for the
pseudo-second-order kinetics.

2.11. Statistical analysis

All the experiments were conducted in triplicates
(n = 3), and the data were represented as mean ±

Fig. 1. Specific growth rate of (A) Anabaena, (B) Oscillatoria, (C) Phormidium, and (D) Spirogyra grown with tannery effluent.
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standard error. Correlation analysis was performed
between the specific growth rates of different microal-
gae using Pearson’s correlation test using the Statisti-
cal Package for Social Sciences statistical tool (SPSS,
version 16.0).

3. Results and discussion

3.1. Analysis of growth and microalgal biomass

Growth and biomass are the important parameters
that are generally used in wastewater treatment stud-
ies to determine the bio-sorbent potential of an agent
used for removing pollutant at a given initial concen-
tration. This experiment was conducted with microal-
gae species, namely Anabaena, Oscillatoria, Phormidium,
and Spirogyra inoculated in BG 11 media with tannery
effluent containing Cr(VI) at room temperature, and
the results are depicted in Figs. 1(A–D) and 2(A–D).
The growth of microalgae in 50 and 100% effluent was
76.99 and 53.99% for Anabaena, 92.46 and 60.03% for
Oscillatoria, 77.13 and 55.76% for Phormidium, and
72.59 and 55.85% for Spirogyra. Similarly, the biomass
content of microalgae in 50 and 100% effluent was
74.92 and 60.65% for Anabaena, 87.31 and 77.61% for
Oscillatoria, 80.40 and 67.16% for Phormidium, and

83.83 and 76.01% for Spirogyra when compared with
the control. Maximum growth and biomass were
observed in Oscillatoria, followed by Phormidium, Spir-
ogyra, and Anabaena. Growth and biomass were found
to be maximum at low concentrations of chromium
and minimum at high concentration of chromium. It
has also been reported that the growth of microalgae
is a significant factor that influences the metal binding
efficiency because of the presence of active sites on the
algal biomass [34]. The proposed mechanism of
bio-sorption is that it could be due to the presence of
uronic groups in the exopolysaccharides of microalgae
which bind to heavy metals [35] in addition to the
presence of various polysaccharides such as cellulose
and alginate in the algal cell wall [36,37]. Results indi-
cate that the cyanobacterial microalgal species used in
this study have the ability to tolerate the Cr(VI) stress
and they can grow in the natural heavy metal con-
taminated water; this tolerance may be attributed to
this capacity of bio-adsorption.

3.2. Analysis of physicochemical parameters

Physicochemical characteristics such as appearance,
color, odor, total solids (TS), total dissolved solids
(TDS), total suspended solids (TSS) pH, and amount of

Fig. 2. Biomass accumulation of (A) Anabaena, (B) Oscillatoria, (C) Phormidium, and (D) Spirogyra grown with tannery
effluent.
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chromium present in the tannery effluent were ana-
lyzed at the end of the stationary phase (after 11 d) of
the culturing of Anabaena, Oscillatoria, Phormidium, and
Spirogyra. The growth of the microalgal species led to
changes in physicochemical parameters and caused a
reduction in the amount of chromium, which is shown
in Table 1. After treatment with microalgae, the turbid-
ity and foul smell of the effluent decreased and the
color changed from brown to green. TS, TDS, and TSS
decreased variably, and the pH also changed from
acidic to alkaline after the treatment with microalgae.
The reduction of physicochemical parameters could be
due to the presence of polysaccharides, proteins, and
other functional groups found in the microalgae [38].
The exopolysaccharides of cyanobacteria are rich in
negatively charged uronic acids which can bind to
cations with heavy metals [39]. Cyanobacteria species
exhibit phycoremediation capacity due to the presence
of reactive groups with an active binding site; these
groups complex with effluents, resulting in floccula-
tion, which reduces the TS and color of the tannery
effluents [12]. Removal of chromium from the medium
is due to the chelation of the chromium by exopolysac-
charides or metal uptake by microalgae.

3.3. Analysis of chromium reduction

This study shows the substantial reduction of chro-
mium level by the different microalgal species, as
depicted in Fig. 3. Reduction of Cr(VI) was found to
be 70.96% for Anabaena, 80.64% for Oscillatoria, 76.12%
for Phormidium, and 74.83% for Spirogyra, respectively.
The reduction potential is about the reduction of Cr
(VI) to Cr(III); reduction of Cr(VI) is achieved by any
one of the two possible mechanisms, namely accu-
mulation of Cr(VI) inside the microalgae species or
absorption of Cr(VI) on its surface [40]. Variation in
the reduction of Cr(VI) levels has been reported for

bio-adsorbents under varying concentrations of chro-
mium or incubation periods [41]. Microalgae have the
ability to utilize the nutrients that are already present
in the tannery effluents for their growth and cause
reduction in chromium levels [31,42]. Microalgal spe-
cies may alleviate chromium toxicity through the syn-
thesis of antioxidant enzymes or by producing
reductants that reduce chromium by chemical redox
reactions [12,43].

3.4. Analysis of chromium absorption and bio-sorption
efficiency

The effect of contact time on the removal of Cr(VI)
was studied with the microalgae Anabaena, Oscillatoria,
Phormidium, and Spirogyra at an initial metal concen-
tration of 155 mg/L at room temperature for 11 d (up
to the stationary phase) by AAS and is depicted in
Fig. 4. Removal of Cr(VI) was 75.48% in Anabaena,
80.64% in Oscillatoria, 79.35% in Phormidium, and
77.41% for Spirogyra. The increased bio-absorption
capacity might be attributed to the fact that the initial

Table 1
Physicochemical analysis of tannery effluent before and after treatment with microalgae

S. No. Physical examination Effluent before treatment

Effluent after treatment with microalgae

Anabeana Oscillatoria Phormidium Spirogyra

1 Appearance Turbid – – – –
2 Color Brown Green Green Green Green
3 Odor Foul None None None None
4 Total solids (TS) (mg/l) 158.00 ± 0.15 149.00 ± 0.23 146.00 ± 0.16 152.00 ± 0.13 150.00 ± 0.16
5 Total dissolved solids (TDS) (mg/l) 150.00 ± 0.16 143.00 ± 0.18 141.00 ± 0.24 146.00 ± 0.16 144.00 ± 0.18
6 Total suspended solids (TSS) (mg/l) 8.00 ± 0.14 6.00 ± 0.16 5.00 ± 0.13 6.00 ± 0.16 6.00 ± 0.23
7 pH 6.4 ± 0.4 8.75 ± 0.4 8.00 ± 0.6 8.50 ± 0.6 8.50 ± 0.4
8 Chromium mg/l 155 ± 0.24 38 ± 0.16 30 ± 0.16 32 ± 0.14 35 ± 0.13

Fig. 3. Reduction of chromium(VI) in tannery effluent by
microalgae species.
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metal concentration increased the adsorption probabil-
ity due to contact between chromium ions and
microalgae. Increased sorption capacity with increased
sorbate concentration was previously reported in bio-
sorption studies of some metals [21,44].

The bio-sorption efficiency was calculated from the
formula and was found to be 90.32% for Anabaena,
93.53% for Oscillatoria, 90.96% for Phormidium, and
88.38% for Spirogyra, respectively. The initial high
sorption capacity might be due to the availability of a
large number of vacant surface sites in the microlagae.
Subsequently, occupation of the remaining vacant sur-
face sites becomes difficult due to repulsive forces
among the Cr(VI) ions adsorbed on the algal bio-
masses [45]. The cell wall structure of the microalgae
is composed of hydroxyproline-rich glycoproteins and
the functional groups such as amino, carboxylic acid,
hydroxyl, and carbonyl groups responsible for bio-
sorption [Lesmana et al.]. Similar results were
reported by other researchers in bio-sorption studies
of heavy metals such as Cr(VI) [16,33].

3.5. FTIR analysis

FTIR analysis was carried out to evaluate the abil-
ity of functional groups present in the microalgae to

Fig. 4. Adsorption of chromium(VI) in tannery effluent by
microalgae species.

Fig. 5. FTIR spectrum of Anabaena grown under (A) control and (B) tannery effluent treatment.
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form complexes with heavy metals. Strong affinity of
microalgae for metal ions was noticed at the carboxy-
late, hydroxyl, and ester groups. The FTIR spectra of
the microalgae Anabaena, Oscillatoria, Phormidium, and
Spirogyra (Figs. 5(A), 6(A), 7(A), and 8(A)). Figs. 5(B),
6(B), 7(B), and 8(B) represent the complex formation of
microalgae with heavy metals. Heavy metals are pref-
erentially bound to the carboxylate sites on the
microalgae, forming metal-acetate complex in the
region 1,755–1,500 cm−1. This region is characteristic of
the C=O group; the stretching vibrations are in the
region of 1,641.42, 1,641.42, 1,651.07, and 1,641.42 cm−1

and the intensity of peaks are shifted to 1,543.06,
1,633.71, 1,641.42, and 1,618.28 cm−1 in Anabaena,
Oscillatoria, Phormidium, and Spirogyra, respectively.
The bands in the region 3,500–3,000 cm−1 are charac-
teristic of the N–H and O–H groups; the stretching
vibrations are in the region of 3,441.01, 3,419.79,
3,444.87 and 3,419.79 cm−1 and the intensity of peaks
are shifted to 3,437.15, 3,132.40, 3,421.72 and
3,471.87 cm−1 in Anabaena, Oscillatoria, Phormidium,

and Spirogyra, respectively. The bands within the
region 1,500–1,000 cm−1 are characteristic of the ester
group. Several additional peaks were obtained in this
region indicating the stretching vibrations. The shift-
ing of these peaks shows that the sorption sites of
microalgal species possess metal binding ability, indi-
cating the usefulness of microalgae in treating tannery
effluents containing chromium. Possible sorption
mechanisms involved were functional group present
in the cell wall of microalgae binds with the metal
ions then transported across the cell membrane into
the cytoplasm [46]. In this study, rapid stage of metal
uptake process has been observed and FTIR analysis
also shows the affinity of metal ion and microalgae.
FTIR analysis confirms the bio-sorption and bio-reduc-
tion mechanisms of Cr(VI) ions with microalgae [47].

3.6. Metal sorption assessment by NMR spectroscopy

NMR spectroscopy provides an important avenue
to investigate the involvement of the functional groups

Fig. 6. FTIR spectrum of Oscillatoria grown under (A) control and (B) tannery effluent treatment.
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of microalgae in metal ion binding. The 1H NMR spec-
tra of microalgae with tannery effluent were obtained
to investigate the sorption of heavy metals on the
microalgal sites. The microalgae Oscillatoria and
Phormidium were analyzed by NMR spectroscopy
because they gave maximum metal removal when
compared with Anabaena and Spirogyra. The spectra
obtained from microalgae with effluent and without
effluent were then compared to evaluate the interac-
tion between them. Fig. 9(A–D) show the spectra of
Oscillatoria and Phormidium before and after treatment
with the tannery effluent. Three main regions are
observed in the spectrum; the broad resonance from 1
to 2 ppm shows the possible contribution of carbons
from amino acids. The binding of the metal ions
caused the carboxylate shifts between 1 and 2 ppm to
become essentially one type of carboxylate, as exhib-
ited in Fig. 9(B) and (D). This indicates the strong

affinity of the carboxyl functional groups in microal-
gae that possess metal binding capacity [48].

The results from 1H NMR studies indicate that the
peak shifts in Fig. 9(B) and (D) between 1 and 2 ppm
show the presence of main functional groups in the
microalgae Phormidium and Oscillatoria. The compres-
sion of carbon atoms in Fig. 9(B) indicates strong affin-
ity between metal ions and algal functional groups.
This affinity may be due to the potential involvement
of carbon groups in metal sorption by these microalgal
species. The knowledge of chemical structures of bio-
sorbents is important to predict their affinities for
metal ions to know the complexation properties [49].
NMR study investigates chemical functionalities which
is responsible for metal ion binding in the microalgae
species and provides important information to support
the use of particular microalgae biomass as an efficient
bio-sorbent [48].

Fig. 7. FTIR spectrum of Phormidium grown under (A) control and (B) tannery effluent treatment.
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3.7. Kinetic modeling

For determining the kinetics of Cr(VI) bio-sorption
by microalgae, kinetic models such as pseudo-first-
order and pseudo-second-order models were applied,
and their respective K1 and K2 estimated from the
experimental data collected at the end of the stationary
phase are presented in Table 2. In the pseudo-first-order
kinetic model, the K1 values were 1.77, 1.35, 1.45, and
1.61 for Anabaena, Oscillatoria, Phormidium, and Spir-
ogyra, respectively. The K2 values for pseudo-second-
order model were 1.32, 0.97, 1.05, and 1.18 for Anabaena,
Oscillatoria, Phormidium, and Spirogyra, respectively.
The values describe the sorption kinetics of Cr(VI) onto
microalgal biomasses. The uptake amounts of Cr(VI), or
Cr(VI) bio-sorption, obtained from this experiment
were 177, 125, 123, and 120 mg/L. These results suggest
that the sorption of Cr(VI) onto microalgal biomasses
was taking place through surface exchange reactions
until the surface active sites were fully occupied;

subsequently, Cr(VI) ions diffused into the biomass net-
work for further interactions. However, the diffusion of
metal ions within the particles was reported to be much
slower. This is because of the greater mechanical
obstruction to movement presented by the surface
molecules or surface layers and the restraining chemical
attractions between Cr(VI) and bio-sorbents [26,50,51].

3.8. Statistical analysis

The results of the specific growth rates of different
microalgal species were compared and correlated; the
results are represented in Table 3. Differences in the
specific growth rate show the correlation among dif-
ferent microalgal species. Oscillatora showed a good
correlation with Phormidium (r2 = 0.912) and a moder-
ate correlation with Spirogyra (r2 = 0.744); Phormidium
also showed a moderate correlation with Spirogyra
(r2 = 0.748). Correlation analysis indicated that the

Fig. 8. FTIR spectrum of Spirogyra grown under (A) control and (B) tannery effluent treatment.
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microalgae Oscillatoria and Phormidium show better
relation when compared to other species and thus are
an important for Cr(VI) metal scavenging applications.

4. Conclusion

The bio-sorption potential of microalgae such as
Anabaena, Oscillatoria, Phormidium, and Spirogyra for

Fig. 9. 1H NMR spectrum of Oscillatoria and Phormidium grown under (A,C) and control (B,D) tannery effluent treatment.

Table 2
Kinetic parameters obtained from pseudo-first-order and pseudo-second-order models for Cr(VI) bio-sorption by
microalgae

Microalgae

Pseudo-first-order Pseudo-second-order

qe − qt (mg/L) K1 × 10−5 qe (mg/L) qe − qt (mg/L) K2 × 10−7 qe (mg/L)

Anabeana 117 1.77 155 117 1.32 155
Oscillatoria 125 1.35 155 125 0.97 155
Phormidium 123 1.45 155 123 1.05 155
Spirogyra 120 1.61 155 120 1.18 155

Note: K1: first-order kinetic, K2: second-order kinetic, and qe − qt: amount of Cr(VI) absorbed at time t.

Table 3
Comparison between specific growth rate of different
microalgae represented by correlation coefficient (r2)

Anabeana Oscillatoria Phormidium Spirogyra

Anabeana – 0.625 0.725 0.614
Oscillatoria 0.625 – 0.912 0.744
Phormidium 0.725 0.912 – 0.748
Spirogyra 0.614 0.744 0.748 –
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use in Cr(VI) removal from tannery effluents was
studied. The experimental results showed that
microalgal sorption sites have the maximum uptake
capacity for Cr(VI). Kinetic data of the process showed
that the bio-sorption of Cr(VI) onto biomass followed
the pseudo-first-order and pseudo-second-order
kinetic model. The bio-sorption process was found to
be dependent on the biomass used and was optimized
for Cr(VI) bio-sorption. The results of this study sug-
gest that the microalgae identified in the estuaries are
potentially economical and effective bio-sorbents for
the removal of Cr(VI) from tannery effluents.

Acknowledgements

The authors are thankful to the management of
VIT University for providing the infrastructure, con-
stant support, and encouragements. The authors also
acknowledge Technology Business Incubator
(TBI-VIT), sponsored by the Department of Science
and Technology, for atomic absorption spectrometry
analysis; the Sophisticated Instrumentation Facility
(SIF-VIT) for NMR analysis; and School of Advanced
Sciences, Chemistry Division, VIT University for FTIR
analysis.

References

[1] S.S. Gowd, P.K. Govil, Distribution of heavy metals in
surface water of Ranipet industrial area in Tamil nadu,
India, Environ. Monit. Assess. 136 (2008) 197–207.

[2] C. Cervantes, J. Campos-Garcia, S. Devars, F. Gutiérrez-
Corona, H. Loza-Tavera, J.C. Torres-Guzmán, R.
Moreno-Sánchez, Interactions of chromium with
microorganisms and plants, FEMS Microbiol. Rev. 25
(2001) 335–347.

[3] J. Miranda, G. Krishnakumar, R. Gonsalves, Cr6+

bioremediation efficiency of Oscillatoria laete-virens
(Crouan & Crouan) Gomont and Oscillatoria trichoides
Szafer: Kinetics and equilibrium study, J. Appl. Phy-
col. 24 (2012) 1439–1454.

[4] K.H. Cheung, J.D. Gu, Mechanism of hexavalent chro-
mium detoxification by microorganisms and biore-
mediation application potential: A review, Int.
Biodeterior. Biodegrad. 59 (2007) 8–15.

[5] B. Kiran, A. Kaushik, C.P. Kaushik, Response surface
methodological approach for optimizing removal of Cr
(VI) from aqueous solution using immobilized
cyanobacterium, Chem. Eng. J. 126 (2007) 147–153.

[6] V.K. Gupta, A. Rastogi, Sorption and desorption stud-
ies of chromium(VI) from nonviable cyanobacterium
Nostoc muscorum biomass, J. Hazard. Mater. 154
(2008) 347–354.

[7] X. Shi, Y. Mao, A.D. Knapton, M. Ding, Y.
Rojanasakul, P.M. Gannett, N.S. Dalal, K. Liu, Reaction
of Cr(VI) with ascorbate and hydrogen peroxide
generates hydroxyl radicals and causes DNA damage:
Role of a Cr(IV)-mediated Fenton-like reaction,
Carcinogenesis 15 (1994) 2475–2478.

[8] K. Salnikow, A. Zhitkovich, Genetic and epigenetic
mechanisms in metal carcinogenesis and cocarcino-
genesis: Nickel, arsenic, and chromium, Chem. Res.
Toxicol. 21 (2008) 28–44.

[9] U.R. Malik, S.M. Hasany, M.S. Subhani, Sorptive
potential of sunflower stem for Cr(III) ions from aque-
ous solutions and its kinetic and thermodynamic
profile, Talanta 66 (2005) 166–173.

[10] N. Soudani, H. Bouaziz, M. Sefi, Y. Chtourou, T.
Boudawara, N. Zeghal, Toxic effects of chromuim(VI)
by maternal ingestion on liver function of female rats
and their suckling pups, Environ. Toxicol. 28 (2010)
11–20.

[11] I.D. Mall, V.C. Srivastava, N.K. Agarwal, Removal of
Orange-G and Methyl Violet dyes by adsorption onto
bagasse fly ash—Kinetic study and equilibrium
isotherm analyses, Dyes Pigm. 69 (2006) 210–223.

[12] A. Rathinam, B. Maharshi, S.K. Janardhanan, R.R.
Jonnalagadda, B.U. Nair, Biosorption of cadmium
metal ion from simulated wastewaters using Hypnea
valentiae biomass: A kinetic and thermodynamic
study, Bioresour. Technol. 101 (2010) 1466–1470.

[13] C.J. Tien, Biosorption of metal ions by freshwater
algae with different surface characteristics, Process
Biochem. 38 (2002) 605–613.

[14] I. Bakkaloglu, T.J. Butter, L.M. Evison, F.S. Holland,
I.C. Hancock, Screening of various types biomass for
removal and recovery of heavy metals (Zn, Cu, Ni) by
biosorption, sedimentation and desorption, Water Sci.
Technol. 38 (1998) 269–277.

[15] K. Chojnacka, A. Chojnacki, H. Górecka, Biosorption
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