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a b s t r a c t

In this work the potential of Catla catla scales to remove Cr(VI) ions from aqueous solutions was inves-
tigated as a function of time, initial Cr(VI) concentration, initial pH, biomass dose and agitation speed.
Optimum biosorption conditions were found to be pH 1.0, 0.05 g L−1 biomass dosage, 200 rpm agitation
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speed and 180 min equilibrium time. The fitness of biosorption equilibrium data for Freundlich, Langmuir
and Dubinin–Radushkevich isotherm models were tested. It was found that Freundlich model was better
suitable for biosorption of Cr(VI) ions onto C. catla biomass. Three kinetic models viz. the Lagergren first-
order and pseudo-second-order and intra-particle diffusion model were used to analyze the biosorption
data and the results suggested that the pseudo-second-order model represented the best correlation.

veale
inetics
astewater treatment

FTIR spectrum analysis re

. Introduction

Environmental pollution due to toxic heavy metals in air, soil
nd water is a major global problem. Heavy metals cannot be
egraded or destroyed; hence they are persistent in all parts of the
nvironment. The reduction amount of these metals from efflu-
nts to a permissible limit before discharging them into streams
nd rivers is very important for human health and environment.
hromium is one of such heavy metals which exist in trivalent
nd hexavalent forms [1]. Cr(VI) is more toxic and highly soluble
hereas Cr(III) is less toxic and less soluble. Strong exposure of
r(VI) causes cancer in digestive tract and lungs and may cause
pigastric pain, nausea, vomiting, severe diarrhea and hemorrhage
2]. Therefore, it is essential to remove Cr(VI) from wastewater
efore disposal. Extensive use of these chromium species are com-
only found in many industries such as leather tanning, aluminium

roductions, dye, electroplating, chromate manufacturing, metal
leaning and processing [3–5].

Conventional methods for removing Cr(VI) ions from wastewa-
er include, physical and physico-chemical treatment technologies
uch as ion exchange, electro dialysis, membrane filtration, reverse
smosis, chemical precipitation and adsorption [1,6]. The major

isadvantages of these conventional treatment methods are high
apital investment as well as recurring expenses and incom-
lete metal removal, generation of toxic sludge or other waste
roducts that require safe disposal. Continuous search for other

∗ Corresponding author. Tel.: +91 361 2582267; fax: +91 361 2582291.
E-mail address: kmohanty@iitg.ernet.in (K. Mohanty).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.08.024
d that O–H, N–H and C–O groups were the leading Cr(VI) binding groups.
© 2009 Elsevier B.V. All rights reserved.

effective new treatment methods has directed attention to biosorp-
tion, a techno-economical method for removal of heavy metals
[7]. The major advantages of this technique are: high efficiency,
complete removal of metal ions even at low concentrations, low
operating cost, short operation time and improved selectivity for
removal of heavy metals from effluent irrespective of toxicity
[2,8].

Biosorption which utilizes biological materials as sorbents is an
energy-independent method of binding metals to the cell wall of
biomass. It is used not only for toxic metal removal but also for the
recovery of precious metals such as gold and silver [6,9]. Literature
survey reveals that several biological materials such as non living
biomass like bark, lignin, peanut hulls as well as living biomass like
fungi, bacteria, yeast, moss, aquatic plants and algae, were inves-
tigated for the removal of heavy metals [2,7,10–14]. Biosorption
utilizes the ability of biological materials to accumulate heavy met-
als from waste streams by either metabolically mediated or purely
physico-chemical pathways of uptake.

In the present work, scales of Catla catla (fish) are used as
the biosorbent. Huge amounts of these scales are being gener-
ated from fish markets everyday and are thrown away as it is.
This paper reports the potential of this unexploited biosorbent for
removing Cr(VI) from aqueous solution. The influence of various
operating parameters such as initial metal concentration, contact
time, biosorbent dose, initial pH of solution and agitation speed on

the Cr(VI) biosorption were investigated. The Langmuir and Fre-
undlich models were used to fit the equilibrium isotherms. FTIR
spectroscopy and SEM was used to find out the various functional
groups present on the cell wall of the biosorbent as well to study
the surface morphology of biosorbent.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kmohanty@iitg.ernet.in
dx.doi.org/10.1016/j.cej.2009.08.024
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time from 0 to 180 min or more and then becomes almost constant
up to the end of the experiment. It can be concluded that the rate
of Cr(VI) binding with biosorbent is more at initial stages, which
gradually decreases and become almost constant after an optimum
period of 180 min [2,3].
K. Srividya, K. Mohanty / Chemical

. Materials and methods

.1. Reagents

All the chemicals/reagents used in these studies were of analyt-
cal reagent grade and purchased from Merck, Germany; S.D. Fine
hem. Ltd., India and Rankem, India.

.2. Preparation of biosorbent

C. catla scales were collected from the fishermen’s market
ocated in Amingaon near IIT Guwahati. These scales were washed
epeatedly with water to remove adhering dust and soluble impu-
ities from the surface. The fish scales were dried under sun for
wo days. The dried scales were then converted into fine powder
y grinding in a grinder (Bajaj, Model GX7). These fine particles are
ept in the oven at 70 ◦C for 2 h for removing moisture. By using
creen seiver the fine powder was then sieved through 100, 120,
50, 200 and 240 �m mesh to obtain biosorbent with homoge-
eous known particle size. These powdered biosorbent is preserved

n airtight polyethylene containers for further use.

.3. Preparation of stock solution

The adsorption capability of the prepared biosorbent toward
r(VI) was investigated using aqueous solutions. A stock Cr(VI)
olution (1000 mg L−1) was prepared by dissolving 2.8269 g of
2Cr2O7 in 1000 mL deionized water, shaking it for 15 min at
50 rpm to obtain complete dissolution. The stock solution was
iluted as required to obtain standard solutions of concentrations
anging between 10 and 100 mg L−1 concentrations.

.4. Batch sorption experiments

Batch sorption experiments for kinetic studies were conducted
n 250 mL conical flasks at natural solution pH (5.85). Dry native
iosorbent were thoroughly mixed individually with 100 mL of
tock solution with three different concentrations (10, 30 and
0 mg L−1) and the suspensions were shaken at room temperature
28 ◦C) using an incubator shaker (Daihan LabTech Co. Ltd, Model
SI-3016R). Samples of 5 mL were collected from the conical flasks
t required time intervals viz. 20, 40, 60, 80,100, 120, 150,180, 210
nd 240 min and were filtered through Whattman No. 1 filter paper.
he filtrates were analyzed for residual chromium concentration in
he solution.

The isotherm studies were carried out by varying the initial
hromium concentrations from 1 to 100 mg L−1 at the natural pH of
he solution by adding optimum dose of the biosorbent. After shak-
ng the flask up to the equilibrium time, the solution was analyzed
or residual chromium concentration. All the data presented in this

anuscript are the average of three experimental runs.

.5. Equipments

Cr(VI) in solution was analyzed by UV-spectrophotometer
PerkinElmer, Model Lamda 35). pH of the solution was mea-
ured using a pH meter (Eutech Instruments, Model pHTestr 1,
). SEM micrographs and EDX spectra obtained by using scanning
lectron microscopy (LEO, Model 1430VP). FTIR analysis used to
etect chemical functional groups present on adsorbent surfaces
PerkinElmer, Model Spectrum one FTIR) [2].
.6. Metal uptake

The biosorption equilibrium uptake capacity for each sam-
le was calculated according to mass balance on the metal ion
ering Journal 155 (2009) 666–673 667

expressed as,

q = (Ci − Ce)V
M

(1)

where q is the equilibrium metal uptake capacity (mg g−1), V is the
volume of the solution (L) and M is mass of biosorbent (g), Ci is the
initial metal ion concentration (mg L−1) and Ce is the equilibrium
or final metal ion concentration (mg L−1) [2].

The extent of sorption in percentage is found from the relation,

Sorption (%) = (Ci − Ce)
Ci

× 100 (2)

3. Results and discussion

3.1. Biosorption conventional experimental variables

In this section the effect of different experimental variables like
solution pH, agitation speed, biosorbent dosage, contact time and
initial metal ion concentrations which are conventionally being
used to optimize the suitable experimental conditions for the max-
imum metal uptake by C. catla scales is described comprehensively.

The effect of biosorbent dosage on metal uptake and percent-
age removal of Cr(VI) has been shown in Fig. 1. It indicates that the
specific Cr(VI) uptake values decreased with increase in biosorbent
dose. Higher uptake at low biosorbent concentrations could be due
to an increased metal-to-biosorbent ratio, which decreases upon an
increase in dry biomass dose. Further it indicates that the percent-
age removal of Cr(VI) increases with the increase in biosorbent dose
but beyond a certain value the percentage removal reaches a satura-
tion level. This is because of the resistance to mass transfer of Cr(VI)
from bulk solution becomes important at high biosorbent dose in
the conical flask in which the experiment was conducted [15]. The
percentage removal of Cr(VI) increased from 35.06 to 60.89 when
the dose was changed from 0.05 to 0.4 g.

To estimate the sorption capacity of the biosorbent, it is impor-
tant that the experimental solution be allowed significant time
to attain equilibrium. Fig. 2 shows the effect of contact time for
five different initial concentrations of Cr(VI) (10–50 mg L−1) with
biosorbent dose (0.05 g) at natural pH of the solution. The figure
shows that percentage removal of Cr(VI) adsorption increases with
Fig. 1. Effect of biosorbent dose on Cr(VI) biosorption (initial Cr(VI) concentration:
15 mg L−1, pH 5.4, contact time: 180 min, agitation speed: 200 rpm, temperature:
28 ◦C).
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ig. 2. Effect of contact time on Cr(VI) biosorption (biosorbent dosage: 0.05 g, agi-
ation speed: 200 rpm, pH 5.4, temperature: 28 ◦C).

Experimental data obtained for the biosorption of Cr(VI) by C.
atla scales at various Cr(VI) concentrations are represented in
ig. 3. These results revealed that specific Cr(VI) uptake increased
ith an increase in the initial Cr(VI) concentration. The highest
ptake of the biosorbent was around 21.32 mg g−1 at an Cr(VI) con-
entration of 50 mg L−1. The enhancement in metal sorption could
e due to an increase in electrostatic interactions involving the sites
f progressively lower affinity for Cr(VI) ions. However, percent
dsorption of Cr(VI) decreased from 43% to 20% with an augmen-
ation of Cr(VI) concentration due to rapid saturation of the metal
inding sites of the biosorbent [15,16].

Sorption of heavy metals from aqueous solutions depends on
roperties of biosorbent and transfer of molecules of adsorbate
rom the solution to the solid phase. pH of the solution is an
mportant parameter that effect the biosorption process. The pH
ependence of metal uptake could be related to several func-
ional groups (such as, amino, carboxyl, amide and phosphate etc.)
resent on the surface of the biosorbent [3]. These groups and
heir associated ionic states play a dominant role in the extent of

iosorption. Biosorbent materials usually have both weak acidic
nd basic functional groups. It is a well known fact that the bind-
ng of heavy metal cations is determined primarily by the state of
issociation of the weak acidic groups. It has also been reported

ig. 3. Effect of initial metal ion concentration on Cr(VI) biosorption (biosorbent
osage: 0.05 g, contact time: 180 min, agitation speed: 200 rpm, pH 5.4, tempera-
ure: 28 ◦C).
Fig. 4. Effect of pH on Cr(VI) biosorption (biosorbent dosage: 0.05 g, contact time:
180 min, agitation speed: 200 rpm, temperature: 28 ◦C).

that biosorption capacities for heavy metals are strongly pH sen-
sitive and that the extent of biosorption decreases as solution pH
increases [2,5,6,14]. The highest metal uptake was reported to be
27.18 mg g−1 obtained at pH 1.0 and the overall metal uptake of
Cr(VI) decreased to 2.44 mg g−1 as pH increased up to 6 as shown
in Fig. 4. It is important that the maximum biosorption for all con-
centrations takes place at pH 1.0. This is probably due to the fact that
at pH 1.0 the negatively charged chromium species (HCrO4−) bind
through electrostatic attraction to positively charged functional
groups on the surface of biosorbent as at this pH more functional
groups carrying a net positive charge would be exposed. But as pH
increases, it seems that, the number of functional groups carrying
a net negative charge is more, which tends to repulse the anions
[4,14]. It is clear from the figure that Cr(VI) is also removed at other
pH values, but the rate of the removal is quite slow. Hence, it can
be concluded that beyond pH 1.0, other mechanisms like physical
adsorption could have taken an important role and ion exchange
mechanism might have reduced [2,17].

Agitation speed also plays an important role in the mass transfer
of Cr(VI) from the solution to the surface of biosorbent. The biosorp-
tion capability of C. catla scales for removing Cr(VI) of three different
concentrations (10, 30 and 50 mg L−1) at different rpm (50–300) is
shown in Fig. 5. Cr(VI) uptake increases with the increase in agita-
tion speed (q = 13.64 mg g−1 at 50 rpm and 40.34 mg g−1 at 300 rpm
for 50 mg L−1 initial Cr(VI) concentration) for a contact time of 3 h.
This is due to the fact that with increase in agitation speed, the
rate of diffusion of Cr(VI) ions towards the surface of the biosorbent
increases [15]. Since the uptake of Cr(VI) beyond 200 rpm was found
to be more or less same, so 200 rpm was selected as the optimum
agitation speed for all the experiments.

3.2. Biosorption kinetics

Kinetics is one of the major parameters to evaluate biosorp-
tion dynamics. In order to examine the controlling mechanism of
biosorption process such as mass transfer and/or chemical reac-
tion various kinetic models were used. The following mathematical
relation between contact time and percent removal has been used
to find biosorption kinetics constant for C. catla scales [2,17]:
R = a(t)b (3)

where, R is percent removal of Cr(VI), a and b are the constants and
t is the contact time in minutes.
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Fig. 5. Effect of agitation speed on the Cr(VI) biosorption (biosorbent dosage: 0.05 g,
contact time: 180 min, pH 5.4, temperature: 28 ◦C).

Table 1
Adsorption kinetic constants.

Initial Cr(VI)
concentration
(mg L−1)

Dose (g × 10−2 mL−1) a b

10 0.05 2.24 0.2365
0.1 3.49 0.2247

30 0.05 2.61 0.2115
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0.1 3.75 0.2006

50 0.05 2.91 0.1905
0.1 3.88 0.1864

The linearized relationship can be expressed as:

og R = log a + b log t (4)

y using Eq. (4) constants a and b were calculated for three different
nitial Cr(VI) concentrations and the values are shown in Table 1.
he values of a ranges from 2.24 to 3.88. It is clear from the table
hat with increase in sorbent dose for same initial Cr(VI) concen-
ration, value of a increases, which suggest that with increase in
orbent dose, biosorption capacity also increases. The value of a is
ighest at Cr(VI) concentration of 50 mg L−1 with a sorbent dose of
.1 g/100 mL. The value of b ranges from 0.1864 to 0.2365. The low
alues of b suggest that with increase in time, the rate of percentage
emoval of Cr(VI) decreases.

In many cases, the kinetics of biosorption by any biological
aterial has been tested for the first-order expression given by
agergren. However, it has also been shown that a pseudo-second-
rder approach can sometimes provide a better description of the
iosorption kinetics. The pseudo-first-order kinetic model assumes
hat “metal sorption process is first-order in nature as it is only
ependent on the number of metal ions present at the specific

able 2
he pseudo-first-order Lagergren and pseudo-second-order constants and Weber and Mo

Initial Cr(VI)
concentration (mg L−1)

Experimental
value

Pseudo-first-order Pseudo

qmax (mg g−1) qe (mg g−1) Kd (min−1) r2 qe (mg

10 9.7758 2.2378 0.0156 0.9866 10.548
20 12.9425 2.5841 0.0168 0.9834 14.064
30 15.3206 2.3605 0.0126 0.9085 15.923
40 18.9586 2.4828 0.0112 0.9671 19.531
50 21.3275 2.7848 0.0110 0.9781 22.123
ering Journal 155 (2009) 666–673 669

time in the solution” [18]. In contrast to pseudo-first-order kinetic
model, the pseudo-second-order kinetic model assumes that “the
metal biosorption process is dependent on the number of metal
ions present in the solution as well as the free biosorption sites on
the biosorbent surface” [19].

The pseudo-first-order Lagergren model is expressed as:

log(qe − q) = log qe −
(

Kd

2.303

)
t (5)

where qe is the mass of metal adsorbed at equilibrium (mg g−1), qt

the mass of metal at time t (min) and Kd the first-order reaction
rate constant of biosorption (min−1).

The pseudo-second-order equation is:

t

qt
=

[
1
2

K ′q2
e

]
+ t

qe
(6)

where qe is the mass of metal adsorbed at equilibrium (mg g−1), qt

the mass of metal at time t (min) and K′ the pseudo-second-order
rate constant of biosorption (mg g−1 min−1).

For calculating these rate constants, Lagergren equation as well
as the pseudo-second-order equation is plotted (not shown here)
for five different concentrations of Cr(VI) with a fixed biosorbent
dose. The values of the reaction rate constants and correlation
coefficients are listed in Table 2. A comparison between the pseudo-
first-order and pseudo-second-order kinetic rate constants suggest
that biosorption of Cr(VI) by C. catla scales followed closely the
pseudo-second-order kinetics rather than the pseudo-first-order
kinetics. This is clear from Table 2, since the values of qe obtained
from pseudo-second-order kinetic equation was close to the exper-
imental qe value, whereas that of pseudo-first-order qe value did
not agree with the experimental value.

In many cases there is a possibility that intra-particle diffusion
will be the rate limiting step and this normally determined by using
the equation described by Weber and Morris [20]:

Kp = q

t0.5
(7)

where q (mg g−1) is the amount adsorbed at time t and Kp is the
intra-particle rate constant (mg g−1 min−0.5). To find out the rate
constant, Weber and Morris equation is plotted (not shown here)
for five different concentrations of Cr(VI) with a fixed biosorbent
dose. It is clear that the relationships for C. catla scales and Cr(VI) for
different concentrations at a particular sorbent dose are not linear
over the entire time range, indicating that more than one process
is affecting the biosorption [2,21]. The slope of the initial linear
portion has been used to derive the intra-particle rate constant,

Kp. The various values of Kp along with the values of qe are shown
in Table 2. The rate constant for intra-particle diffusion increased
with increasing Cr(VI) concentration. The qe values are closer to the
experimental values, however in comparison the pseudo-second-
order kinetic equation was best fitted.

rris constants.

-second-order Weber and Morris

g−1) K′ (mg g−1 min−1) r2 qe (mg g−1) Kp (mg g−1 min−0.5) r2

5 0.0040 0.9966 8.2034 0.4615 0.9441
7 0.0030 0.9953 11.1563 0.6828 0.9252
5 0.0037 0.9961 13.1206 0.6687 0.9017
2 0.0032 0.9968 16.5758 0.649 0.9164
8 0.0023 0.9939 17.3896 0.7943 0.9399
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Table 3
Different isotherm models.

Model Equation Reference

Langmuir qe = qmKLCe

1 + KLCe
(8) Langmuir [23]

RL = 1
1 + KLCo

(9)

Freundlich qe = KFCe
1/n (10) Freundlich [24]

Dubinin–Radushkevich qe = qm exp(−Be2) (11) Hobson [25]

e = RT ln

(
1 + 1

C

)
(12)
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2B

(13)

.3. Adsorption isotherms

Analysis of equilibrium sorption data is important for optimiz-
ng the design of sorption systems. The equilibrium of biosorption
f heavy metals is modeled using adsorption-type isotherms [22].
dsorption isotherm expresses the relationship between mass of
dsorbate per unit weight of adsorbent and liquid phase con-
entration of adsorbate and provide important design data for
dsorption systems. Several sorption isotherm models have been
idely used for the equilibrium modeling of biosorption systems. In

he present work, two-parameter models, i.e. Langmuir, Freundlich
nd Dubinin–Radushkevich (D–R) isotherms (Table 3) were used
o describe the equilibrium between the Cr(VI) sorbed onto the
iomass of C. catla scales and Cr(VI) in the solution. The isotherm
onstants, correlation coefficient (r2) of these models for sorption
f Cr(VI) onto C. Catla scales for two different temperatures are
resented in Table 4.

The Langmuir isotherm model assumes that the uptake of metal
ons occurs on a homogeneous surface by monolayer adsorption

ithout any interaction between adsorbed ions [23]. The model
urther assumes that the energy is same for all active sites of adsorp-
ion and there is no interaction between adsorbed ions. In Eq.
8) qe is the equilibrium metal ion concentration on the biosor-
ent (mg g−1), Ce is the equilibrium metal ion concentration in
he solution (mg L−1), qm is the monolayer biosorption capacity of
he biosorbent (mg g−1), and KL is the Langmuir biosorption con-
tant (L mg−1) relating the free energy of biosorption. The Langmuir
sotherm model fitted better to the experimental sorption data
t temperature 40 ◦C (r2 = 0.9974) than that at temperature 20 ◦C
r2 = 0.9923). However, the value of qm was increased from 5.05
o 6.48 mg g−1 with the increase in temperature from 20 to 40 ◦C,
hich can be attributed to a rise in kinetic energy of sorbent par-

icles due to the rise in temperature. This rise in kinetic energy
ncreases the frequency of collision between sorbent and sorbate

nd results in enhanced sorption on to the surface of the sorbent
22].

The essential characteristics of Langmuir isotherm can be
xplained in terms of dimensionless constant separation factor, RL

able 4
angmuir, Freundlich and D–R model constants at two different temperatures.

Langmuir isotherm model Freundlich isotherm model

Parameters Values Parameters Value

20 ◦C 40 ◦C 20 ◦C

r2 0.9923 0.9974 r2 0.999
qm (mg g−1) 5.0581 6.485 1/n 0.341
KL (L mg−1) 0.0943 0.1618 KF (L g−1) 1.132
RL 0.5145 0.4385
(Eq. (9); Table 3), in which KL is the Langmuir constant (L mg−1)
and Co (mg L−1) is the initial concentration of Cr(VI). According
to the value of separation factor RL, following types of adsorp-
tion exists: (1) favorable adsorption 0 < RL < 1; (2) unfavorable
adsorption, RL > 1; (3) linear adsorption, RL = 1 and (4) irreversible
adsorption, RL = 0. RL is a positive number whose magnitude deter-
mines the feasibility of the adsorption process [4]. The values of RL
for both the temperatures are between 0 and 1, indicating favorable
biosorption of Cr(VI) onto the scales of C. catla.

The Freundlich isotherm model assumes that the uptake of
metal ions occurs on a heterogeneous surface by multilayer adsorp-
tion and that the amount of adsorbate adsorbed increases infinitely
with an increase in concentration [24]. The Freundlich model is
empirical in nature which further assumes that the stronger bind-
ing sites are occupied first and that the binding strength decreases
with increasing degree of site occupation [22]. In Eq. (10), qe is the
equilibrium metal ion concentration on the biosorbent (mg g−1), Ce

is the equilibrium metal ion concentration in the solution (mg L−1),
KF and 1/n are the Freundlich model constants related to adsorp-
tion capacity and intensity of adsorption, respectively. The values
of KF and 1/n were found to be 1.13, 0.34 and 2.31, 0.24 at 20 ◦C
and 40 ◦C respectively. The 1/n values were between 0 and 1, indi-
cating that the biosorption of Cr(VI) onto the scales of C. catla is
favorable at studied conditions. The Freundlich models fitted the
equilibrium biosorption data better than the Langmuir model due
to higher value of correlation coefficients (Table 4). Thus, the results
of the present study indicate that biosorption of Cr(VI) onto the
scales of C. catla is heterogeneous in nature.

The sorption data was also subjected to Dubinin–Radushkevich
model [25] represented in Eq. (11) where qm is the theoretical sat-
uration capacity (mg g−1), B is a constant related to adsorption
energy (mol2 kJ−2), e is the Polanyi potential, R is the gas con-
stant (kJ mol−1 K−1) and T is the temperature (K). The D–R isotherm
model fitted the equilibrium biosorption data at both the tempera-

tures, however the correlation coefficients were found to be lower
than that of Freundlich model. The constant B gives an idea about
the mean free energy E (kJ mol−1) of adsorption per molecule of
adsorbate and can be calculated from D–R isotherm constant B

D–R isotherm model

s Parameters Values

40 ◦C 20 ◦C 40 ◦C

2 0.9917 r2 0.9346 0.9615
9 0.2403 qm (mg g−1) 4.1086 5.699
5 2.3147 B (kJ2 mol−2) 0.0099 0.0055

E (kJ mol−1) 7.0998 9.4728
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Fig. 6. FTIR spectra of Catla catla s

sing Eq. (13). The mean free energy of biosorption gives an idea
bout biosorption mechanism, whether physical or chemical [5,8].
f the value of E lies between 8 to 16 kJ mol−1, the biosorption
rocess takes place chemically and if the value of E is less than
kJ mol−1, then the biosorption process takes place physically. In

he present study, the value of E at 20 ◦C is less than 8 kJ mol−1,

hereas that at 40 ◦C is above 8 kJ mol−1. This suggests that at low

emperature physical adsorption is the dominant process involved
nd with increase in temperature chemical ion exchange mecha-
ism could have taken an important role.

Fig. 7. SEM micrographs of Catla catla scales (a) native biosorbent, (b) Cr(VI) loaded
efore and after Cr(VI) adsorption.

3.4. Fourier transform infrared (FTIR) analysis

Various researchers have suggested that different chemical
functional groups such as carboxyl, hydroxyl, amide etc. are respon-
sible for biosorption of metal ions [1,3,5,6,15]. These functional
groups are the potential sites for adsorption and the uptake of metal

depends on various factors such as abundance of sites, their acces-
sibility, chemical state and affinity between the adsorption site and
metal. The FTIR Spectroscopy is an important analytical technique
which detects the vibration characteristics of chemical functional

biosorbent; EDX spectra of (c) native biosorbent, (d) Cr(VI) loaded biosorbent.
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Table 5
Biosorption capacity of Cr(VI) by various biosorbents.

Biosorbent Initial Cr(VI) concentration (mg L−1) Biosorption capacity (mg g−1) References

Rhizopus nigrificans 50–500 123.45 Sudha and Abraham [12]
Alligator weed 160–360 82.57 Wang et al. [14]
Rhizopus arrhizus 125 8.40 Nourbakhsh et al. [10]
Aeromonas caviae 5–350 69.95 Loukidou et al. [13]
Ceramium virgaturm 10 26.5 Sari and Tuzen [8]
Chlorella vulgaris 25–250 24 Veglio and Beolchini [7]
Zoogloea ramigera 25–400 3 Veglio and Beolchini [7]
Neurospora crassa 250 15.85 Tunali et al. [6]
Aspergillus niger 400 117.33 Khambhaty et al. [22]
Rhizopus arrhizus 25–400 62 Prakasham et al. [11]
Clodophara crispata 200 6.20 Nourbakhsh et al. [10]
Lentinus sajor-caju 100 25.2 Arica and Bayramoglu [3]
Saccharomyces cerevisiae 100 4.30 Nourbakhsh et al. [10]
Halimeda oputia 25–400 40 Veglio and Beolchini [7]
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Agaricus bisporus 50–125
Green algae Spirogyra species 5
Eichhornia crassipes 10–30
Catla catla scales 50

roups present on adsorbent surfaces. The adsorbents spectra were
easured within the range of 400–4000 cm−1 wave number. FTIR

pectra of both the adsorbents (native as well as chromium loaded)
re shown in Fig. 6.

FTIR spectra of native C. catla scales (Fig. 6a) show peaks between
he region 3500 and 3200 cm−1 which represented the overlap-
ing peaks of stretching vibration of O–H and N–H groups. The
egion between 3000 and 2800 cm−1 exhibited the C–H stretch-
ng vibrations of –CH3 and –CH2 functional group. Distinct peaks
bserved between 1730 and 1640 cm−1 characterize carbonyl
roups stretching from aldehydes and ketones. 1300–1470 cm−1

as the deformation stretching of C–H, –CH3, and –CH2 functional
roups. The peaks produced from 3000 to 2500 cm−1 are due to
arboxylic group. The strong band within 1100–1000 cm−1 is due
o C–O group, which is the characteristic peak for polysaccharides.
he characteristic band region at 800–850 cm−1 suggests the pres-
nce of sulphonate group in the biomass. The sharp peak observed
t lower wave number is due to C–X group, which suggests the
resence of various – alkanes groups [15,26].

Changes in intensity and shift in position of the peaks could be
bserved in FTIR spectrum after Cr(VI) adsorption on C. catla scales
Fig. 6b). The first change was the enhancement of the intensity
t the region 3500–3200 cm−1, indicating an increase of the free
ydroxyl group on the biomass. The shifting of peak at 1661 to
654 cm−1 indicates that the involvement of N–H of amines and
–O of amides in the adsorption process. The minor shift of the
eak from 1034 to 1032 cm−1 also suggests the involvement of C–O
roup in binding Cr(VI). It is clear from the FTIR analysis that the
ossible mechanism of adsorption of Cr(VI) on C. catla scales may
e due to physical adsorption, ion exchange, surface precipitation,
omplexation with functional groups and chemical reactions with
urface sites [5].

.5. SEM and EDX analysis

Scanning electron microscopy along with energy dispersive
-ray analysis has been used by many researchers for the charac-

erization of the biosorbent as well as elucidation of the probable
echanism of biosorption. SEM micrographs and EDX spectra

btained for native as well as chromium loaded biosorbent are pre-
ented in Fig. 6. C. catla scales as seen in the micrograph (Fig. 7) are

haracterized by having two regions, one being white and the other
eing darker. The white region is rich in inorganic material contain-

ng high proportions of calcium and phosphorus whereas the dark
egion is rich in proteins, because it has a high proportion of car-
on, oxygen, and sulphur [27]. Fig. 7b represents the micrograph
8.00 Ertugay and Bayhan [4]
14.7 Gupta et al. [17]
6.985 Mohanty et al. [2]
27.18 Present study

of chromium loaded biosorbent. This micrograph clearly shows the
presence of new shiny bulky particles over the surface of chromium
loaded biosorbent which are absent in the native biosorbent [6].
EDX analysis provides elemental information through analysis of
X-ray emissions caused by a high-energy electron beam. The spec-
tra obtained for the native as well as chromium loaded biosorbent
(Fig. 7c) indicates the presence of C, Ca, O, P and S. These signals are
probably due to the X-ray emissions of proteins and polysaccha-
rides present on the cell wall of the biosorbent [26]. EDX spectra
presented in Fig. 7d revealed the additional chromium signal, which
confirms the binding of the metal ion to the surface of the biosor-
bent.

3.6. Comparison with other biosorbents

Biosorption capacities of various biosorbents towards Cr(VI) as
reported in literature are summarized in Table 5. From the present
study it was found that the maximum Cr(VI) uptake by C. catla scales
for an initial Cr(VI) concentration of 50 mg L−1 at optimum pH was
27.18 mg g−1. The uptake values obtained for Cr(VI) biosorption in
this study are comparable and was found to be higher than many
other biosorbents. The economic success of any biosorption process
depends largely on the cost of biosorbent used. In the present study,
the biosorbent that is used is a thrown away material collected
from local fish market. Especially in the eastern and southern part
of India, due to large consumption of fish, huge amounts of fish
scales are being generated everyday. The cost of such scales are
absolutely ‘zero’ and also by adding the cost of drying, grinding,
packing and transportation, the cost is very low compared to ion
exchange resins [14]. The results thus indicates that C. catla scales
appears to be cheap as well as efficient biosorbent for the removal
of Cr(VI) from aqueous solutions.

4. Conclusion

The present study has revealed that C. catla scales were efficient
in removing hexavalent chromium from aqueous solutions. The
sorption process was found to depend on the pH of the solution, pH
1.0 being the optimum value. Increase in the amount of biosorbent
increased the percent removal of the metal ions. Kinetic examina-
tion of the equilibrium data showed that the biosorption of Cr(VI)

onto C. catla scales followed well the pseudo-second-order kinetic
model. The present results demonstrate that the Freundlich model
fits better than the Langmuir as well as D–R model the biosorp-
tion equilibrium data in the examined concentration range. FTIR
and SEM characterization of the biosorbents has shown a clear



Engine

d
a
a
f
c
b
t
a
b

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

K. Srividya, K. Mohanty / Chemical

ifference in the native and Cr(VI) loaded biosorbents. Based on
ll results, it can be concluded that C. catla scales are an effective
nd alternative biosorbent for the removal of hexavalent chromium
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