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Abstract

In this work the potential of fish scales as a suitable biosorbent for removal of Cr(VI) ions from aqueous so-
lutions was investigated at various temperatures. The influence of temperature on equilibrium, kinetics as
well as thermodynamic parameters was investigated. Various isotherm models such as Langmuir, Freundlich,
R - P, D - R, Temkin and Halsey were used for the mathematical description of the biosorption of Cr(VI)
ions onto fish scales. It was observed that Freundlich model exhibited the best fit to experimental data.
Amongst the various kinetic models tested, the pseudo-first-order kinetic model represented the best correla-
tion for the biosorption of Cr(VI) onto fish scales at various temperatures. In addition, various thermody-
namic parameters such as AG’, AH’ and AS’ were also determined. The biosorption of Cr(VI) was found to

be a spontaneous and endothermic process.
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1. Introduction

Water pollution by heavy metals has been a major cause
of concern for the environmental scientists all over the
world since almost three decades. One such heavy metals
of concern is chromium. Elemental chromium is a transi-
tion-group metal belonging to group VIB of the periodic
table and has oxidation states ranging from — 2 to + 6, of
which the divalent, trivalent, and hexavalent forms are
the most important. Elemental chromium does not occur
naturally in the environment. The divalent (chromous)
state is readily oxidized to the more stable trivalent
(chromic) state. Although the hexavalent (including
chromates) state is more stable than the divalent state, it
is rarely found in nature. Cr(VI) compounds are strong
oxidizing agents and are highly corrosive. Strong expo-
sure of Cr(VI) causes cancer in digestive tract and may
cause epigastric pain, nausea, vomiting, severe diarrhea
and hemorrhage. Cr(VI) has an adverse potential to
modify the DNA transcription process [1,2].

Hexavalent Chromium is known to be human car-
cinogen based on sufficient evidence of carcinogenicity
in humans. Epidemiological studies in various geo-
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graphical locations have consistently reported increased
risks of lung cancer among workers engaged in chromate
production, chromate pigment production, and chromium
plating. Chromium and its compounds are widely used in
metal finishing and chrome plating, in leather tanning,
and in wood preservative industries producing large
quantities of toxic pollutants and also used in textile
dyeing processes, printing inks, drilling muds, pyrotech-
nics, water treatment, and chemical synthesis [3,4,5].

Of the various treatment techniques available for
chromium removal, the most commonly used ones are
ion exchange, electro-dialysis, membrane filtration,
chemical precipitation and adsorption. These methods
suffer from disadvantages such as high reagent and en-
ergy requirements, incomplete metal removal, and gen-
eration of large quantity of toxic waste sludge [6,7].
However, these technologies are most suitable in situa-
tions where the concentrations of heavy metal ions are
relatively high. Some of these treatment methods involve
high operating and maintenance cost and also produces
secondary pollution there by limiting their applications.
Therefore, there is a need to look for some alternative
technique, which is efficient as well as cost effective.
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Biosorption is currently gaining importance as one of
the most promising technique for removal of heavy met-
als. The major advantages of biosorption over other
conventional treatment methods are: low operating cost,
high efficiency of metal removal even at low concentra-
tions, easy to operate, no additional nutrient requirements,
short operation time and improved selectivity for re-
moval of heavy metals from effluent irrespective of tox-
icity [1,5,7]. Biosorption is an energy-independent
method of binding metals to the cell wall of biomass and
utilizes the ability of biological materials to accumulate
heavy metals from waste streams by either metabolically
mediated or purely physico-chemical pathways of uptake
[8]. Biosorption has gained increased credibility during
recent years, as it offers a technically feasible and eco-
nomical approach.

Several biological materials were investigated for the
removal of heavy metals using this technique. A wide
range of non living biomass like bark, lignin, peanut
hulls as well as live biomass like fungi, bacteria, yeast,
moss, aquatic plants and algae has been used as biosor-
bent [9-12]. For removing heavy metals both live and
dead biomass can be used, but dead biomass offers ad-
vantages, as it is not subjected to operational environ-
mental shocks like change in pH, temperature, presence
of inhibitors etc. Moreover, nutrient supply is not re-
quired, and metal recovery is easy. Such biosorbents are
very efficient in biosorption due to various functional
groups present on their cell walls which helps in the
process of adsorption.

The major objective of this study was to investigate
the effect of temperature on biosorption of Cr(VI) while
evaluating the potential of fish scales as the biosorbent.
The fitness of biosorption equilibrium data for various
isotherm models were used for the mathematical descrip-
tion of the adsorption of Cr(VI) ions onto fish scales de-
pending on temperature. Different kinetic models were
used to identify the possible mechanism of biosorption.
The thermodynamic parameters were also evaluated
from the biosorption experiments.

2. Materials and Methods
2.1. Preparation of the Biosorbent

Fish scales (predominantly Catla catla with little amount
of Labeo rohita) were collected from the fish market lo-
cated in Amingaon near IIT Guwahati. Collected Fish
scales were washed repeatedly with water to remove
impurities from their surface. After cleaning fish scales
were rinsed with deionized water and dried for two days
under the sun. The dried fish scales were converted into
fine powder by grinding in a grinder (Bajaj, Model GX7)
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and kept in the oven at 70°C for 2 h for removing mois-
ture. The fine powder was sieved through 100 um, 120
pm, 150 pm, 200 um and 240 um using screen seiver to
obtain homogeneous known particle size of different
fractions. These powdered biosorbent is then preserved
in airtight polyethylene containers for further use. All the
chemicals/reagents used in these studies were of analyti-
cal reagent grade and purchased from Merck, Germany;
S. D. Fine Chem. Ltd., India and Rankem, India.

2.2. Preparation of Stock Solution

The stock Cr(VI) solution (1000 mg-L™") was prepared
by dissolving 2.8269 g of potassium dichromate
(K5Cr,05) in 1000 mL of deionized water and shaking it
for complete dissolution. This stock solution was diluted
to obtain standard solutions, of various concentrations.

2.3. Batch Sorption Experiments

Batch sorption experiments for kinetic studies were car-
ried out in 250 mL conical flasks at natural solution pH
(5.85). Dry native biosorbent were thoroughly mixed in-
dividually with 100 ml of stock solution with different
initial concentrations and the suspensions were shaken at
different temperature (20 to 60°C) using an incubator
shaker (Daihan LabTech Co. Ltd, Model LSI-3016R).
Samples of 5 mL were collected from the conical flasks
at required time intervals viz. 20, 40, 60, 80, 100, 120,
150, 180, 210 and 240 min and were filtered through
Whattman No. 1 filter paper. The filtrates were analyzed
by UV-Spectrophotometer (Perkin Elmer, Model Lamda
35) for residual chromium concentration in the solution.
The isotherm studies were carried out by varying tem-
peratures from 20 to 60°C at the natural pH of the solu-
tion by adding optimum dose of the biosorbent. From our
initial experiments it was found that 0.05 g-L" is the op-
timum biosorbent dose. All the data presented in this
manuscript are average of three experimental runs.

2.4. Metal Uptake

The biosorption equilibrium uptake capacity for each

sample was calculated according to mass balance on the
metal ion expressed as,

(Ci—Ce)V

q i )

Where ¢ is the equilibrium metal uptake capacity (mg

g "), ¥ is the volume of the solution (I) and M is mass of

biosorbent (g), C;is the initial metal ion concentration

(mg-L™") and C, is the equilibrium or final metal ion
concentration (mg-L ™).

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

Sorption(%) =

@XIOO Q)

2.5. Estimation of Standard Error

All the model parameters were evaluated by non-linear
regression using MS Excel. The optimization procedure
requires an error function to be defined in order to be
able to evaluate the fit of the Equation to the experimen-
tal data [12]. Apart from the correlation coefficient (R?),
the residual or sum of squares error (SSE) and the stan-
dard error (SE) of the estimate were also used to measure
the goodness-of-fit.

SSE can be defined as:
SSE=3"(0~4,) 3)
Standard error (S.E.) of the estimate can be defined as:
1 m 2
SE=|——) (0 —gq 4
S Te-a) @

where g; is the observation from the batch experiment i,
0; is the estimate from the isotherm for corresponding ¢;,
m is the number of observations in the experimental iso-
therm and p is the number of parameters in the regres-
sion model. The smaller SE. value indicates the better
curve fitting.

3. Results and Discussion
3.1. Effect of Temperature on Metal Uptake

The contact time was evaluated as one of the most im-
portant factors affecting the biosorption efficiency and it
is important that the experimental solution be allowed
significant time to attain equilibrium. The biosorption
efficiency increases with rise in contact time up to 180
min at 20 to 60°C and after that it is almost constant.
Figure 1 shows the biosorption efficiency as a function
of contact time and temperature. It can be concluded that
the rate of Cr(VI) binding with biosorbent is more at ini-
tial stages, which gradually decreases and become almost
constant after an optimum period of 180 min at various
temperatures (20 to 60°C). The optimum contact time
was selected as 180 min for further experiments. Below
equilibrium time, an increase in the temperature leads to
an increase in the Cr(VI) adsorption, which indicates ki-
netically controlled process [4,6].

3.2. Effect of initial Cr(VI) concentration

The biosorption of Cr(VI) was carried out at five differ-
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ent temperatures (20 to 60°C) for three different concen-
trations (10, 30 and 50 mg-L™"). Figure 2 shows the ef-
fect of initial Cr(VI) concentration on uptake capacity on
fish scales at different temperature by using three differ-
ent concentration. At 20°C, when the initial Cr(VI) con-
centration increased from 10 to 50 mg-L™', the uptake
capacity of fish scales increased from 2.51 to 4.28 mg-g .
With the change in temperature from 20 to 60°C, the up-
take capacity and biosorption yield increased from 2.51
to 8.27 mg-L™" for various concentrations respectively.

The increase of the biosorption yield and biosorption
capacity at increased temperature indicated that the ad-
sorption of Cr(VI) ions by fish scales may involve not
only physical but also chemical sorption [7,8]. This ef-
fect may be due to the fact that at higher temperature an
increase in active sites occurs due to bond rupture. The
adsorption capacity increases with increase in solution
temperature. This indicates that the adsorption of Cr(VI)
on fish scales is an endothermic process [13].
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Figure 1. Effect of contact time on the removal of Cr(VI)
onto Fish scales at different tempertures.
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Figure 2. Effect of initial Cr(VI1) concentration on uptake

capacity on Fish scales at different temperature by using
three different concentration.
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The temperature also remarkably influenced the equilib-
rium metal uptake as shown in Figure 2 The increase in
the equilibrium sorption of Cr(VI) with temperature in-
dicates that Cr(VI) ions removal by adsorption on fish-
scales favors at higher temperatures. This may be a result
of increase in the mobility of the Cr(VI) ion with tem-
perature. An increasing number of molecules may also
acquire sufficient energy to undergo an interaction with
active sites at the surface. Furthermore, increasing tem-
perature may produce a swelling effect within the inter-
nal structure of the fish scales enabling large metal ions
to penetrate further [4]. The increase of Cr(VI) removal
with the initial Cr(VI) concentration is due to higher
availability of Cr(VI) ions in the solution. The initial
Cr(VI) concentration in the solution provides an impor-
tant driving force to overcome mass transfer resistance of
metal ions between the aqueous and solid phases [8].

3.3. Biosorption Kinetics

To evaluate biosorption dynamics one of the major pa-
rameter is kinetics and the kinetic models like fractional
power, zeroth—, first-, second-, pseudo-first-, pseudo-sec-
ond-order and intraparticle diffusion are used to test the
experimental of biosorption data.

A simple kinetic analysis for sorption of Cr(VI) on to
fish scales has been tested according to fractional power
model [14].

q, =kt’ (5)
Ing, =Ink+vint 6)

where ¢, is amount of sorbate sorbed at time t (mg g™); &
and Vv are fractional power model constants and Table
1 shows the estimated parameters of the model. The con-
stant vV was less than 1, correlation coefficients values
were high (i.e. R’ > 0.9534) and standard error values
were low. The results indicate that the fractional power
model was unable to describe the time-dependent Cr(VI)
sorption by fish scales.

Experimental data were tested by the following
zero-first-and second-order kinetic models:

(.’It = qe - kOt (7)

q, =4, —exp(k?) (8)
q.

=—Je 9

4 1+q,k,t ©

The linear form of first-and second-order rate Equa-
tion is the most widely used for the sorption of a solute
from a liquid solution and is given as:

Ing, =Ing, —kt (10)

Copyright © 2011 SciRes.

LN + k,t (11)
4 4.

where ¢, is amount of sorbate sorbed at time ¢ (mg-g");
g. is amount of adsorbate adsorbed at equilibrium (mg-g);
ko, k;and k;are zeroth, first and second order sorption rate
constants. The kinetic constants are to be used to optimize.
The residence time of a biosorption process. The val-
ues of kinetic constants ko, k; and k, are of zerom, first
and second order Equations respectively, for the sorption
of Cr(VI) by fish scales are presented (figures are not
shown) in Table 1 The result indicate that, all the three
kinetic models were having low correlation coefficient
values and the standard error values were very high in
order of zero™ > first > second order. The experimental
values of g, .y, also do not match the theoretical values of
g.- Due to this reason these kinetic models were not ap-
plicable in the present case. Further to analyze the ad-
sorption kinetics of Cr(VI) ions, three widely used ki-
netic models, viz., the pseudo-first-order, pseudo-second-

order and intraparticle diffusion were tested.

Table 1. The fractional power, zero™, first and second order
rate constants.

Temperature (°C)

Parameters—= ) 30 40 50 60
Ueo 25103 32137 39586 47172 5.4344
(mg-g™)
Fractional power

)i 09917 09762 09534  0.9820  0.9931

14 07547  0.5181 04167 04275 04294

K 0.0428  0.1842 03787 04374  0.5047

SSE 15871 24164 28180  3.8087  4.4049

SE 12598 15544  1.6781 19516  2.0988
Zero™order

R 09699 09866 09794 09761  0.9671

glmgg!) 03675 12811  0.8355  1.5984  1.9084

K, ~0.0097 -0.0111 -0.0105 -0.0135 —0.0154

SSE  33.5503 43.8847 63.5187 77.4518  93.4018

SE 57922 6.6745  7.9698  8.8006  9.6644
Firstorder

)id 0.8563  0.9287  0.9581  0.9249  0.9049

g(mg-g’) 05440  1.0247 14823  1.8048  2.1155

K(min') —0.0075 —0.0054 —0.0045 —0.0044  —0.0044

SSE 268426 36.6141 499287 64.2917  80.0270

SE 51809  6.0509  7.0660  8.0182  8.8457
Second order

R 0.8732  0.8328 09041  0.8370  0.8053

g{mgg’) 05723  1.0932  1.5748  1.8907  2.1992

Kamge™ 0071 00300 00018 00015 —0.0013

min )
SSE  26.1333 351071 487628 61.9414  78.5854
SE 51120 59251 69830  7.8702  8.8648
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The linear form of pseudo-first-order rate Equation is
generally used for the sorption of a solute from a liquid
solution and is given as [15]:

q,=q.[1-exp(—k,t)] (12)

Kd
t 13
2.303] (13)

log(g, —q) =logg, —(

where ¢, and ¢, are the amount of the Cr(VI) ions ad-
sorbed per unit mass at equilibrium and at time ¢ (mg-g ')
and Ky is the pseudo-first-order sorption rate constant
(min ).

Figure 3 shows the experimental data fitting for
pseudo-first-order Equation at various temperatures. The
linear plots of time ¢ versus log (g.-¢,) at different tem-
peratures indicate the applicability of the Equation. The
values of K, along with regression coefficients and stan-
dard errors and the related parameters are summarized in
Table 2. The result indicate that correlation coefficients
were good (i.e. R? > 0.9708), standard error values were
low and the experimental values of g..., are very close
to the theoretical g, values. Based on these results it can
be concluded that pseudo-first-order kinetic model fitted
well for the biosorption of total chromium onto fish
scales at various temperatures.

The pseudo-second-order kinetic model is expressed
in the following form [16,17]:

K'tq?
= e (14)
1+q, Kt
t 1 t
—=—t+— 1%5)
g9 Kq, 4q,

where ¢, is the maximum adsorption capacity (mg-g ")
for the pseudo-second-order adsorption; ¢, the amount of
Cr(VI) ions adsorbed at equilibrium at time ¢ (mg'g);
K is the equilibrium rate constant of psedo-second-order
adsorption (g'mg "'min'). Pseudo-second-order kinetic
model is used to predict the kinetic behavior of adsorp-
tion with chemical sorption being the rate-controlling
step [16,17] and also this model is widely used to de-
scribe non-chemical and non-physical equilibrium. This
model assumes that two reactions are occurring, the first
one is fast and reaches equilibrium quickly and the sec-
ond is a slower reaction that can continue for long time
[12]. The reactions can occur either in series or in paral-
lel. The initial sorption rate has been widely used for
evaluation of the sorption rates. The linear plots of #g,
versus ¢ for the pseudo-second-order kinetic model at
various temperatures (20 to 60°C) were shown in Figure
4 The values of the reaction rate constants and correla-
tion coefficients and standard errors are listed in Table 2
The results indicate that standard error values were high,
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the correlation coefficients values were low. (i.e. R’ <
0.9733) and g, values were not very close to g, .y, values.
The kinetic results were also analyzed by using the in-
tra-particle diffusion model because the psedo-first-order
and pseudo-second-order kinetic models could not iden-
tify the adsorption mechanism clearly. According to this
model, intra-particle diffusion is the rate-controlling step
if the lines passes through origin and the plot should be
linear. Otherwise it is an indicative of some degree of
boundary layer control which indicates that intra-particle
diffusion is not only the rate-limiting step, but also other
mechanisms (like physical adsorption, ion-exchange etc.)
may control the rate of adsorption [6]. The intra-particle
diffusion model given by Weber and Morris [18] is:

=5 (16)

In(qe-q)

20 1 1 1 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200 225 250

Time (min)

Figure 3. The plot of the pseudo first order biosorption ki-
netics of chromium on Fish scales at different tempera-
tures.
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Figure 4. The plot of the pseudo second order biosorption
kinetics of chromium on Fish scales at different tempera-
tures.
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where ¢, the amount of Cr(VI) ions adsorbed at equi-
librium at time ¢ (mg-g'); K, is initial rate of the in-
traparticle diffusion (mg-g'-min *%). The initial portion
of the plot indicated an external mass transfer whereas
the second linear portion is due to intra-particle or pore
diffusion Figure 5 The intercept of the plot provides an
estimation of the thickness of the boundary layer, i.e. the
larger the intercept value the greater is the boundary
layer effect. By using Equation (16) the slope of the plot
was calculated as intra-particle diffusion rate constant K,
(mg'g 'min *). In addition the theoretical g¢. values
were close to the experimental g, ., values, the standard
error values were low and the correlation coefficients
values were also high (0.9534 > R’ < 0.9931) as shown
in Table 2.

The pseudo-second-order model’s ¢, values were far
off from the g..,, values with a higher standard error
values and low correlation coefficients (R* < 0.9733).
The intra-particle diffusion model gave better g, values
compared to the pseudo-second-order model along with a
better standard error values and correlation coefficients.
The above results suggested that the pseudo-first-order
kinetic model represented the best correlation for the bio-
sorption of total chromium onto fish scales at various
temperatures.

3.4. Biosorption Isotherms

Equilibrium data, generally known as adsorption iso-
therms, are one of the most important data to understand
the mechanism of the adsorption. Adsorption equilibrium
data which expresses the relationship between mass of
adsorbate per unit weight of adsorbent and liquid phase
equilibrium concentration of adsorbate are represented
by adsorption isotherms and provide important design
data for adsorption system. Different isotherms were
tested for their ability to correlate with the experimental
results by comparing theoretical plots of each isotherm
with the experimental data for the biosorption of Cr(VI)
ions on fish scales at different temperatures. To describe
the equilibrium between adsorbed Cr(VI) ions on fish
scales (g.) and Cr(VI) ions in solution (C,) at various
temperatures different classical adsorption isotherm
two-parameter models namely Langmuir, Freundlich,
Redlich-Peterson, Dubinin-Radushkevich (D-R), Tem
kin and Halsey were used (plots not shown here). The
isotherm constants, correlation coefficient (R’), the re-
sidual or sum of squares error (SSE) and the standard er-
ror of the estimate (SE.) of these models for sorption of
Cr(VI) on fish scales at different temperatures (20 to
60°C) were presented in Table 3 scales will be in equi-
librium with Cr(VI) ions in bulk solution. The model as-
sumes uniform energies of adsorption on to the surface
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and no transmigration of adsorbate in the plane of the
surface [19,20]. The Langmuir adsorption isotherm as-
sumes that adsorption occur at specific homogeneous
sites within the adsorbent and has found successful ap-
plication in many monolayer adsorption process.

The Langmuir model assumes that the uptake of Cr(VI)
ions once a homogenous surface by monolayer adsorp-
tion without any interaction between adsorbed ions. At
different temperatures, Cr(VI) ions held onto the fish.

q (mg/g)

t** (min)"”’

Figure 5. Intraparticle diffusion plots for the biosorption
kinetics of chromium on Fish scales at different tempera-
tures.

Table 2. The pseudo-first order Lagergren, Pseudo-second-
order and Weber & Morris constants.

Temperature ("C)

Parameters
20 30 40 50 60
Qexp(mg ") 25103 3.2137 39586 4.7172 54344

Pseudo-first-order
R’ 0.9736  0.9695 09708  0.9841 0.9932
ge(mg-g") 32900 3.4931 3.6255 42118 4.6725
K (min™") 0.0290 0.0269  0.0234  0.0239  0.0234
SSE 2.1200 1.4470 1.4881  0.6394  0.7202
SE 1.4560 12029 12199  0.7996  0.8486
Pseudo-second-order
R’ 0.9447 09362 09378  0.9606 0.9733
g(mg-g") 53879 4.5998 50428 59311 6.7385
K(mgg''min") 0.0006 0.0018 0.0022 0.0021 0.0019
SSE 9.7677 7.7649 53401  6.0182  4.2027
SE 3.1243 27865 23108 24532 2.0500
Intra-particle diffusion
R’ 0.9917 09762 09534  0.9820 0.9931
g(mg-gh) 24391 25494  2.6234  3.4075 4.0672
K,(mg g "min %) 0.1991 0.2081 02142 02782  0.3320
SSE 0.2388 1.0975 3.5997 32727 4.9407
SE 0.4887 1.0476 1.8973  1.8090 2.2227
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Langmuir isotherm can be defined according to the
following formula:

K,C,
qe — Qm L>e (17)
1+K,C,
The linear form of the Langmuir isotherm Equation is:
R U .

qe qmax qmax KL Ce

where C, is the equilibrium concentration (mg-L™); ¢.
the amount of metal ion sorbed (mg-g™'); ¢mis ¢. for a
complete monolayer (mg-g"); K is Langmuir biosorp-
tion constant (L-mg ") and is related to the free energy of
biosorption. A plot of 1/g. versus 1/C, for the adsorption
gives a straight line of slope 1/(¢m.xK;) and intercept
1/¢max- Equation (17) can be linearized in logarithmic
form Equation (18) and the Langmuir constants can be
determined. The K| values were increased from 0.0943
to 0.2019 (L-mg ") and the maximum biosorption capac-
ity (¢,,) was found to be 5.0581 to 8.4603 (mg-g ') with
increase in temperature from 20 to 60°C and the correla-
tion coefficients, standard error values were shown in
Table 3. The effect of isotherm shape has been discussed
with a view to predict whether the biosorption system is
favorable or unfavorable. The rise in sorption capacity
with temperature was because of rise in the kinetic en-
ergy of sorbent particles. Thus, the collision frequency
between sorbent and sorbate increased, which resulted in
the enhanced sorption on to the surface of the sorbent.
Due to bond rupture at high temperature, there may be an
increase in number of active sorption sites, which may
lead to enhanced sorption.

The essential characteristics of the Langmuir isotherm
can be expressed in terms of dimensionless constant
separation factor R;, calculated using the following
Equation:

1

R =— 19
L1k, C, (1%

where K is the Langmuir constant (L-mg ') and C, the
initial Cr(VI) concentration (mg-L™).

The maximum adsorption capacity (¢m.y) of biosorbent
calculated from Langmuir isotherm Equation defines the
total capacity of the biosorbent for Cr(VI). The biosorp-
tion capacity of biosorbent increased with increasing the
temperature. The highest value of ¢, obtained at 60°C
is 8.4603 mg g'. It appears to be the highest in compari-
son with the uptake obtained at the other temperatures
(Table 3). The value of R; calculated from Equation (19)
is presented in Table 3. R, is a positive number whose
magnitude determines the feasibility of the biosorption
process. As the R; values lie between 0 and 1, the bio-
sorption process is favorable [2,13]. Further, the Ry val-
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ues for this study at all temperatures studied are between
0.5145 and 0.3311; therefore, the adsorption is sponta-
neous.

Freundlich isotherm is used for modeling the adsorp-
tion on heterogeneous systems. The Freundlich isotherm
model can be explained as follows [21]:

1
g, =K, C" 20)

lnqe:anF+llnC€ 21)
n

Table 3. Langmuir, Freundlich, R-P, D-R, Temkin and
Halsey model constants.

Temperature ("C)

Parameters

20 30 40 50 60
Langmuir
R’ 0.9923 0.9890 0.9974  0.9321 0.8273
dm(mg-g!) 50581 5.6980 64850  7.5244 83333
K, (L'mg™) 0.0943 0.1280 0.1618 0.1769 0.2019
R, 0.5145 0.3818 0.4385 0.3611 0.3311
SSE 9.3233 8.4812  8.4506 10.6072  11.3697
SE 3.0534 29122 29069  3.2562 3.3719
Freundlich
R’ 0.9992 0.9996 09917  0.9794 09119
1/n 0.3419 0.2840 0.2403 0.2467 0.2387
Kr(L-g™h 1.1325 1.6746 23147 26917  3.1427
SSE 0.0014 0.0009 0.0178 0.0661 0.3817
SE 0.0384 0.0303 0.1337 0.2572 0.6178
R-P model
R’ 0.9708 0.9681 0.9997  0.9298 0.9837
f 0.0029 0.0030  0.0031 0.0032 0.0034
K, 0.2498 0.3312 0.4235 0.5254 0.6296
n 1.0000 1.0000  1.0000 1.0000 1.0000
SSE 0.0316 0.0465 0.0641 0.0896 0.1158
SE 0.1779 0.2158 0.2533 0.2994 0.3403
D-R model
R’ 0.9346 0.9310 0.9615 0.8333 0.6953
gm(mg-g™) 4.1086 4.8612 5.6990  6.6712 7.4984
B(KJ*mol™?)  0.0099 0.0072  0.0055 0.0046 0.0038
E(KJmol™")  7.0998 82812 9.4728 10.3495 11.4347
SSE 2.9081 3.0733 3.2975  4.7247 6.1584
SE 1.7053 1.7530 1.8159 2.1736 2.4816
Temkin
R’ 0.9960 0.9985 0.9979  0.9592 0.8790
Br. (J-mol") 1.1204 1.1438 1.1533 1.4259 1.5979
Kr(l-gV 1.1260 1.6376  3.2665 2.7560  2.9601
SSE 02184 0.1225 0.2375 0.1175 0.5082
SE 0.4674 0.3500 0.4873 0.3429 0.7129
Halsey
R’ 0.9992 0.9996 09917  0.9794 09119
ny -2.9248 -3.5211 -4.1614 —4.0536 —4.1893
Ky (l'gfl) 0.9583 0.8637 0.8173 0.7832 0.7608
SSE 0.4018 7.7220 22.8678 39.2853  60.7911
SE 0.6339 2.7788  4.7820  6.2677 7.7968
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where ¢, is the amount of Cr(VI) adsorbed at equilibrium
(mg-g"); C, is the equilibrium concentration of chromium
in solution (mgL"); K and 1/n are the Freundlich ad-
sorption isotherm constants indicates the sorption capac-
ity and sorption intensity, respectively. Equation (20) can
be linearized in logarithmic form Equation (21) and the
Freundlich constants can be determined. The plot of In ¢,
versus In C, for the adsorption was employed to calculate
K and n from the intercept and the slope values, respec-
tively shown in Table 3, where Krindicates the biosorp-
tion capacity of the biosorbent and » is a measure of the
deviation from linearity of the adsorption [5,22]. The n
values were greater than unity, indicating that Cr(VI)
ions are favorably adsorbed by fish scales. The values of
K at equilibrium varied from 1.1325 to 3.1427 (L'mg ")
and the numerical values of » lied in between 2.9248 to
4.1893 at different temperatures (20 to 60°C). The n val-
ues were greater than unity along with better R’ values
and standard error values. From these results, it is cleared
that the Freundlich isotherm model was considered as the
best to describe the experimental adsorption data for fish
scales at various temperatures (20 to 60°C).

The Redlich-Peterson isotherm contains three parame-
ters and incorporates the features of the Langmuir and
the Freundlich isotherms. The Redlich-Peterson isotherm
has a linear dependence on concentration in the numera-
tor and an exponential function in the denominator. It
can be described as follows [23]:

K,C.
4. ="

1+ fCE @2)

It has three isotherm constants, namely, X, f, and g (0
< g < 1), which characterize the isotherm. Its limiting
behavior is summarized. where g=1; i.e. the Langmuir
form results and the constants K, and f are much greater
than unity.

K,C.

= 23
9 =17 c (23)
i.e. the Freundlich form results; where g=0
K.C
q,=——% (24)
1+ f

i.e. the Henry’s Law form results. Equation (23) can
be converted to a linear form by taking logarithms:

ln(K, C —1] =glnC, +Inf (25)
q.

Three isotherm constants, K,, f, and g can be evaluated
from the linear plot represented by Equation (22) using a
trial and error procedure, which are required to determine
the isotherm parameters. To maximize the coefficient of
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determination, Rz, obtain a series of best values of K, by
the linear regression of In(C,) on In[K,(C,/q.)-1] was per-
formed using MS Excel solver. Table 3 shows that the
values of K, at equilibrium varied from 0.2498 to 0.6296
(L'mg™"), as temperature increases f values increased
from 0.0029 to 0.0034 along with good R’ values, the
numerical values of n was nearly 1 and standard error
values were low.

The Dubinin-Radushkevich (D-R) isotherm is more
general than the Langmuir isotherm because it does not
assume a homogeneous surface or constant adsorption
potential. It was applied to distinguish between the
physical and chemical adsorption of Cr(VI) ions. The
sorption data was also subjected to Dubinin-Radushkevich
model represented as follows [24]:

9. =4, exp(-pe’) (26)
The linear form of (D-R) isotherm Equation is:
Ing, =lng, — Be* 27
1
e:RTln(l+—] (28)
CL’

where £ is a constant related to the mean free energy
of adsorption per mole of the adsorbate (mol*J™?); g. is
the amount of metal ions adsorbed on per unit weight of
biomass (mg-L™"); g is the theoretical saturation capac-
ity (mg-g"); e is the Polanyi potential; R (Jrmol “K') is
the gas constant; and T (°K), the absolute temperature.
By plotting In ¢, versus ¢’ it is possible to generate the
value of ¢, (mg'g ") from the intercept, and the value of
p from the slope [2]. The mean biosorption energy (E;
kJ-mol™") can be related to 3, when it is transferred to
the surface of the solid from infinity in the solution and
the mean biosorption energy (E; kJ'mol™") can be calcu-
lated using the following relationship:

E=—L 29)

N

The mean free energy E (kJ'mol ') of adsorption was
connected with Dubinin-Radushkevich (D-R) adsorption
isotherm and calculated from Equation (29). This pa-
rameter gives information about physical or chemical ion
exchange adsorption mechanisms. The magnitude of £ <
8 kJ-mol™' indicates that the adsorption process is of
physical nature and for the values of £ between, 8 and 16
kJ'mol™!, the adsorption process follows chemical
ion-exchange mechanism [1,6,8]. Table 3 shows R’ val-
ues were low, standard error values were high, when the
temperature increases from 20 to 60°C, q, values were
increased from 4.1086 to 7.4984 mg g ' and the numeri-
cal value of adsorption of the mean free energies in-

JWARP



S. KONDAPALLI ET AL. 437

creased from 7.0998 to 11.4347 kJ-mol”', which may
correspond to a chemical ion-exchange mechanism.

Temkin isotherm is based on the assumption that the
heat of adsorption would decrease linearly with the in-
crease of coverage of adsorbent and the model is used to
evaluate the adsorption potentials of the adsorbent for
adsorbates. Temkin and Pyzhev (1940) considered the
effects of indirect adsorbate adsorbent interactions on
adsorption isotherms. The heat of adsorption of all the
molecules in the layer would decrease linearly with cov-
erage due to adsorbate/adsorbent interactions [25]. The
sorption data was subjected to Temkin model represented
as follows:

qe =BTe 1n(KTCe) (30)
The linear form of Temkin isotherm Equation is:
Ing, =B, InK, +B,InC, 31

where ¢, is the amount of Cr(VI) adsorbed at equilib-
rium (mg-g'); C, is the equilibrium concentration of
chromium in solution (mg‘L’l); Br, is constant in Temkin
adsorption isotherm (J-mol™); K7 is Temkin isotherm
constant. The coefficient of determination (R*) and stan-
dard error values for Temkin isotherm model were re-
ported in Table 3. The R’ values were good, standard
error values were low, K values lied between 1.1260-
2.9601 (L'mg ") and By, values 1.1204 - 1.5979 (J-mol™)
with increasing temperature (20 to 60°C).

Biosorption data was subjected to Halsey model given

as follows [26]:
1
KII An
=|— 32
9. (C ] (32)

e

where ¢, is the amount of Cr(VI) adsorbed at equilib-
rium (mg-g'); C, is the equilibrium concentration of
chromium in solution (mg-L™"); K;;and ny, is Halsey iso-
therm constants. Table 3 shows that from the intercept of
the plots, the Ky values were found to be 0.9583 to
0.7608 (I'g™") at different temperatures (20 to 60°C), R’
values were good and standard error values were high.
The results from isotherm analysis suggested that the
Freundlich model provided the best correlation to de-
scribe the adsorption of Cr(VI) onto the scales of fish at
various temperatures.

3.5. Biosorption Thermodynamics

To describe thermodynamic behavior of the biosorption
of Cr(VI) onto fish scales, thermodynamic parameters
including the change in free energy (AG®), enthalpy (AH®)
and entropy (AS°) were calculated as per the following
Equations:

Copyright © 2011 SciRes.

AG’ =-RT K, (33)
o
Ink, = AST AR (34)
R RT

where R is the universal gas constant (8.314 Jmol "K "),
T is the temperature (°K) and K is the Langmuir con-
stant (L-mg ).

The values of AH’ and AS® were determined from
slope and intercept of the plot of In K; vs 1/T as shown
in Figure 6 and are reported in Table 4 The negative
values of AG® at different temperature studied, are due to
the fact that the biosorption of Cr(VI) is spontaneous in
nature [1,6,27,28]. The increase in the magnitude of AG®
with increase in temperature showed an increase in the
feasibility of biosorption at higher temperatures. The
positive value of AH’ suggested the endothermic nature
of the biosorption process. This was also supported by
the increase in uptake capacity of Cr(VI) with increase in
temperature [4,5,7]. The magnitude of AH® gives an in-
dication on the type of biosorption, which can be either
physical or chemical. If the heat of biosorption is be-
tween 2.1 - 20.9 kJ'mol”’, then the process is physical

6.5

6.4k

6.3F

6.2}

6.1F

6.0F

In K,

59k

58

57k

561

0.0031 0.0032 0.0033 0.0034
LT (C)
Figure 6. Plot of In K_ vs 1/T for the estimation of thermo-

dynamic parameters for biosorption of Cr(VI) onto Fish
scales.

55 L
0.0029 0.0030 0.0035

Table 4. Thermodynamic parameters for biosorption of
Cr(V1) on Fish scales.

Temperature K; AG° AH’° AS°
(°C) Lmg" (KIimol") (KImol') (JK'mol)
20 0.09432  -13.6161
30 0.128  —14.8505
40 0.1618 159514  15.1048 98.5042
50 0.1769  —16.6992
60 02019 —17.5826
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and if is between 20.9 - 418.4 kJ mol ™, then the process
is chemical. For the present study, the value of AH® is
15.1048 KJ-mol ™', which indicate that the adsorption fol-
lowed the chemical process. The values of E calculated
from the D-R isotherm Equation also confirm this. The
positive value of AS° suggested the increased random-
ness at the solid/solution interface during the biosorption
process and also reflects the affinity of fish scales for
Cr(VI]) [8,12,13].

4. Conclusions

Fish scales were used as the biosorbent to remove Cr(VI)
from aqueous solutions at various temperatures. The re-
sults showed that the adsorption capacity increases with
increasing temperature. Various kinetic models were
tested to analyze the mechanism of biosorption and it was
found that pseudo-first-order kinetic model agreed very
well with the dynamic behavior for the biosorption of
Cr(VI) onto fish scales. The Langmuir, Freundlich and
D-R, Temkin, Halsey and R-P isotherm models were used
for the mathematical description of the adsorption of
Cr(VI) ions onto fish scales at various temperatures and
the results suggested that the biosorption equilibrium data
fitted well to the Freundlich model. Thermodynamic con-
stants were also evaluated using equilibrium constants
changing with temperature. The negative value of AG’
indicated the spontaneity and it confirm a favorable ad-
sorption of Cr(VI) onto fish scales. The positive values of
AH’ and AS° showed the endothermic nature and irre-
versibility of Cr(VI) biosorption, respectively. This study
has revealed that fish scales can be efficiently used to re-
move Cr(VI) ions from aqueous solutions.
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