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a b s t r a c t

In the present study, a low-cost adsorbent is developed from the naturally and abundantly available
sawdust which is biodegradable. The removal capacity of Cr(VI) from aqueous solutions and from the
synthetically prepared industrial effluent of electroplating and tannery industries is obtained. The batch
experiments are carried out to investigate the effect of the significant process parameters such as initial
pH, change in pH during adsorption, contact time, adsorbent amount, and the initial Cr(VI) concentra-
tion. The maximum adsorption of Cr(VI) on sawdust is obtained at an initial pH value of 1. The value of
pH increases with increase in contact time and initial Cr(VI) concentration. The equilibrium data for the
adsorption of Cr(VI) on sawdust is tested with various adsorption isotherm models such as Langmuir,
Freundlich, Redlich–Peterson, Koble–Corrigan, Tempkin, Dubinin–Radushkevich and Generalized equa-
tion. The Langmuir isotherm model is found to be the most suitable one for the Cr(VI) adsorption using

−1
nterference
egeneration

sawdust and the maximum adsorption capacity obtained is 41.5 mg g at a pH value of 1. The adsorption
process follows the second-order kinetics and the corresponding rate constants are obtained. Desorption
of Cr(VI) from sawdust using acid and base treatment exhibited a higher desorption efficiency by more
than 95%. A feasible solution is proposed, for the disposal of the contaminant (acid and base solutions)
containing high concentration of Cr(VI) obtained during the desorption process. The interference of other
ions which are generally present in the electroplating and tannery industrial effluent streams on the
Cr(VI) removal is investigated.
. Introduction

The increasing contamination of urban and industrial wastewa-
ers by toxic metal ions causes significant environmental pollution
1–3]. All over the world, chromium is abundantly available
n nature. The most common forms of chromium are trivalent
hromium [Cr(III)] and hexavalent chromium [Cr(VI)] which are
ommonly used in various industrial processes. Cr(VI) is a metal
article that occurs naturally in rocks but is most commonly
roduced by industrial processes. Cr(VI) is present in many dif-

erent compounds [ammonium dichromate, (NH4)2Cr2O7; calcium
hromate, CaCrO4; chromium trioxide or chromic acid, CrO3;

ead chromate, PbCrO4; potassium chromate, K2CrO4; potassium
ichromate, K2Cr2O7; sodium chromate, Na2CrO4; strontium chro-
ate, SrCrO4; and zinc chromate, ZnCrO4] which has a variety of

ndustrial applications. Cr(VI) is also used in various other indus-
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tries such as electroplating, glass, ceramics, fungicides, rubber,
fertilizers, tanning, mining, metallurgical, etc. [4–11]. Its ability to
react with other elements makes hexavalent chromium a health
hazard. Cr(VI) is highly mobile and is considered acutely toxic, car-
cinogenic and mutagenic to the living organisms, and hence more
hazardous than other heavy metals. In addition, it also has an effect
on human skin, liver, kidney, and respiratory organs. This results
in a variety of diseases such as dermatitis, bronchitis, perforation
of nasal septum, bronchogenic carcinoma, liver damage, ulcer for-
mation, etc. [12–17]. Therefore, it is necessary to eliminate Cr(VI)
from the environment, in order to prevent the deleterious impact
of Cr(VI) on ecosystem and public health. Because of the stricter
environmental regulations, a cost effective alternate technology for
the treatment of Cr(VI) contaminated wastewater is highly desired
by the industries [18]. There are various treatment technologies
available to remove Cr(VI) from wastewater such as chemical pre-
cipitation [19,20], ion-exchange [21,22], membrane separation [23],

electrocoagulation [24], solvent extraction [25], reduction [26],
reverse osmosis [25], and adsorption [16,27]. These techniques are
economically expensive for the removal of Cr(VI) from wastewater.
The above mentioned removal techniques have many disadvan-
tages such as incomplete metal removal, high reagent and energy

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:sureshg@bits-pilani.ac.in
mailto:bvbabu@bits-pilani.ac.in
dx.doi.org/10.1016/j.cej.2009.01.013
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equirements, and generation of toxic sludge or waste products
hich require proper disposal without creating any problem to the

nvironment [28–30].
Therefore, there is a dire need of a treatment method for Cr(VI)

emoval from wastewater which is simple, effective and inexpen-
ive [3]. Adsorption when combined with an appropriate step of
esorbing the Cr(VI) from adsorbent and avoiding the problem
f disposal of adsorbent is a cost effective and versatile method
or the removal of Cr(VI) [31]. The advantages of the adsorption
rocess prompted to extend the use of other materials with struc-
ural, compositional or chemical characteristics suitable to make
his technique with high Cr(VI) retention values and thus it has
high potential for the Cr(VI) removal from wastewater streams

15]. It means that the selection of an adsorbent is a key factor for
he use of adsorption as a treatment technique for Cr(VI) removal.
he cost associated with commercial adsorbents make adsorption
rocess very expensive which has led to the search for new strate-
ies for developing low-cost materials with a good capacity for
r(VI) removal [32–34]. In the recent years, several studies have
een reported on various low-cost adsorbents such as wool [35],
sed tyres [36], seaweed [37], fungal biomass [38], green algae [39],
aple sawdust [40], sugar industry waste [41], distillery sludge

42], soya cake [43], red mud [44], activated carbon derived from
ertilizer waste [45], tea factory waste [46], Turkish brown coal [47],

oss peat [48], hazelnut shell [49], coconut trees [50], lignocel-
ulosic residues [51], rice brand [52], activated neem leaves [3],
ctivated tamarind seeds [2], etc. However, many of these natu-
ally available adsorbents have low chromium adsorption capacity.
hus, there is a need to develop or find innovative low-cost adsor-
ents with an affinity towards metal ions for the removal of Cr(VI)
rom aqueous solution which leads to high adsorption capacity [9].

The objective of the present study is to investigate the pos-
ible use of sawdust as an alternate adsorbent material for
he removal of Cr(VI) from wastewater. Batch experiments are
arried out for kinetic studies on the removal of Cr(VI) from
queous solution. The influence of various important parame-
ers such as pH, change in pH during adsorption, time, adsorbent
mount, and initial Cr(VI) concentration is investigated. The
angmuir, Freundlich, Redlich–Peterson, Koble–Corrigan, Tempkin,
ubinin–Radushkevich and Generalized equation models are used

o fit the experimental equilibrium isotherm data obtained in this
tudy. Pseudo first-order, second-order and Elovich kinetic mod-
ls are used to evaluate the mechanism of adsorption. A feasible
ethod for the desorption of Cr(VI) from the used adsorbent is pro-

osed using acid and base treatment. The interference of other ions
resent in the wastewater generated in electroplating and tanning

ndustries is studied on the removal of Cr(VI). One of the method
s proposed to tackle the problem of disposal of the acid and base
olution obtained during desorption process which contain high
oncentration of Cr(VI).

. Materials and methods

.1. Adsorbent

Sawdust is collected from the institute workshop (BITS, Pilani).
t is washed repeatedly with distilled water to remove the dust and
oluble impurities. It is then kept for drying at room temperature in
hade for 8 h. The specific surface area of sawdust is measured using
ET surface area analyzer (Smart Sorb 92/93, Smart Instruments Co.
vt. Ltd., Thane).
.2. Preparation of Cr(VI) solutions

All the chemicals used are of analytical grade. A stock solu-
ion of 1000 mg L−1 of Cr(VI) is prepared by dissolving 2.8287 g of
ing Journal 150 (2009) 352–365 353

99.9% potassium dichromate (K2Cr2O7) in 1000 mL of solution. This
solution is diluted as required to obtain the standard solutions con-
taining 50–500 mg L−1 of Cr(VI). pH adjustment is carried out by
using 0.5N HCl and 0.5N NaOH solutions.

2.3. Batch experiments

The batch experiments are carried out in 100 mL borosil con-
ical flasks. A specific amount of sawdust (adsorbent) is added in
25 mL of aqueous Cr(VI) solution, and then stirred for a predeter-
mined period (found out from the kinetic studies) at 30 ◦C in water
bath-cum-mechanical shaker. Afterwards, the resultant solution is
filtered using a filter paper. Adsorption isotherm study is carried
out with different initial Cr(VI) concentrations ranging from 50 to
500 mg L−1 while maintaining the adsorbent amount of 10 g L−1.
The pH of the solution is also measured during course of adsorption.
The effect of pH is studied at 30 ◦C with an initial Cr(VI) concen-
tration of 50 mg L−1. The influence of time on Cr(VI) adsorption is
studied at 30 ◦C with an initial Cr(VI) concentration ranging from
100 to 400 mg L−1 with an adsorbent dosage of 10 g L−1. The effect
of the adsorbent amount is studied by varying it in the range of
4–24 g L−1 with the Cr(VI) concentration of 50 mg L−1 at 30 ◦C.

The amount of Cr(VI) adsorbed by the sawdust and the percent-
age removal of Cr(VI) are calculated using the following Eqs. (1) and
(2) respectively.

q = (C0 − Ce)V
W

(1)

% Removal of Cr(VI) = Ci − C0

Ci
× 100 (2)

where, q is the adsorption capacity in mg g−1, Ci, C0 and Ce are the
initial, outlet and equilibrium concentration of Cr(VI) in mg L−1, V
is the volume of Cr(VI) solution in mL and W is the total amount of
sawdust in g.

2.4. Measurement of Cr(VI) concentration in aqueous solutions

In the present study, di-pheynl carbazide method is used for the
analysis of Cr(VI) in the solution which only measures the amount
of Cr(VI). This method has been reportedly used in many studies for
analysis of Cr(VI) at low pH [11,51]. The concentration of Cr(VI) ions
in the effluent is determined spectrophotometrically by developing
a purple-violet color with 1,5-diphenyl carbazide in acidic solution
as a complexing agent [53]. The absorbance of the purple-violet
colored solution is read at 540 nm after 20 min. To calculate the
deviation of analytical method of Cr(VI) concentration, calibration
curve is prepared from standard solutions. The standard deviation
obtained for the calibration curve is 0.00453 which is indicative
of a good fit of the data and within the error limits of ±1.64%. This
ensured high confidence limits of the experimental measurements.

2.5. Adsorption isotherm models

Adsorption isotherms are expressed in terms of a relation-
ship between the concentration of adsorbate in the liquid and the
amount of adsorbate adsorbed by the unit mass of adsorbent at
a constant temperature. There may not be a simple expression
which is capable of describing the equilibrium relation between the
adsorbate in liquid phase and the adsorbate in solid phase, because
of the complex nature of liquid-phase adsorption on the micro-

porous substances. It is important to get an accurate equilibrium
relationship between the solid and liquid-phase concentrations of
Cr(VI). In the present study, as the adsorbent developed is new, it is
essentially required to test the equilibrium data obtained for Cr(VI)
removal using sawdust with different isotherm models available
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n the literature so as to know which one is the best suited out
f all the reported isotherms. Various adsorption isotherm mod-
ls such as Langmuir [54], Freundlich [55], Redlich–Peterson [56],
oble–Corrigan [57], Tempkin [58], Dubinin–Radushkevich [59],
nd Generalized equation [60] which are available in the literature
re described in the following sections bringing out the differences
mong them and the significance of the characteristic parameters
f each isotherm model.

.5.1. Langmuir isotherm
Langmuir isotherm has been extensively used for the adsorption

f heavy metals, dyes, organic pollutants, etc. [61,62]. It is applicable
or monomolecular layer adsorption. This isotherm is described as a
omogeneous one assuming that all the adsorption sites have equal
dsorbate affinity and that the adsorption at one site does not affect
he adsorption at an adjacent site [54]. The Langmuir isotherm is
sed to obtain a maximum adsorption capacity produced from the
omplete monolayer coverage of adsorbent surface. The isotherm
quation is represented in term of the fractional coverage (�) as
iven by Eq. (3):

= qe

Qm
= bCe

1+ bCe
(3)

here, b is adsorption equilibrium constant (L mg−1) that is related
o the apparent energy of adsorption and Qm is the quantity of
dsorbate required to form a single monolayer on unit mass of
dsorbent (mg g−1) and qe is the amount adsorbed on unit mass of
he adsorbent (mg g−1) when the equilibrium concentration is Ce

mg L−1). Eq. (3) can be rearranged to get the linear form, as given
y Eq. (4):

Ce

qe
= 1

bQm
+

(
1

Qm

)
Ce (4)

hich shows that a plot of (Ce/qe) versus Ce should yield a straight
ine if the Langmuir equation is obeyed by the adsorption equilib-
ium. The slope and the intercept of this line then yield the values
f constants Qm and b respectively.

A further analysis of the Langmuir equation can be made on the
asis of a dimensionless equilibrium parameter, RL [63], also known
s the separation factor, given by Eq. (5):

L =
1

1+ bC0
(5)

he value of RL lies between 0 and 1 for a favorable adsorption, while
L > 1 represents an unfavorable adsorption, and RL = 1 represents
he linear adsorption, while the adsorption operation is irreversible
f RL = 0.

.5.2. Freundlich isotherm
Freundlich isotherm describes that the ratio of the amount of

olute adsorbed onto a given mass of adsorbent to the concentration
f solute in the solution is not constant at different concentrations.
or many systems, the heat of adsorption decreases in magnitude
ith increasing the extent of adsorption [55]. This has been well

aken care of by the Freundlich isotherm, previously considered to
e an empirical isotherm. For adsorption from solution, the Fre-
ndlich isotherm is expressed by Eq. (6):

e = KfC
nF
e (6)
here, Kf (mg1–1/n L1/n g−1) is the Freundlich constant, which indi-
ates the relative adsorption capacity of the adsorbent related to
he bonding energy, and nF is the heterogeneity factor representing
he deviation from linearity of adsorption and is also known as Fre-
ndlich coefficient. The Freundlich coefficients can be determined
ing Journal 150 (2009) 352–365

from the plot of log qe versus log Ce on the basis of the linear form
of equation as given by Eq. (7):

log qe = log Kf + nF log Ce (7)

2.5.3. Redlich–Peterson isotherm
Redlich–Peterson isotherm contains three parameters and is

an improvement over the Langmuir and Freundlich isotherms. It
has a linear dependence in the numerator and an exponential
dependence in the denominator on concentration which makes
it an overall complex and non-linear dependence on Ce. It can be
described by Eq. (8):

qe = ACe

1+ BCg
e

(8)

where A, B and g (0 < n < 1) are the Redlich–Peterson parameters.

2.5.4. Koble–Corrigan model
Koble–Corrigan model is another three-parameter empirical

model for representing the equilibrium adsorption data. It is a com-
bination of the Langmuir and Freundlich isotherm models and is
given by Eq. (9):

qe = aCn
e

1+ bCn
e

(9)

where, a, b and n are the Koble–Corrigan parameters, respectively.

2.5.5. Tempkin isotherm
Tempkin isotherm equation [58] contains a factor that takes into

account of the adsorbent–adsorbate interactions. It is based on the
assumption that the heat of adsorption of all the molecules in the
layer decreases linearly with the coverage of molecules due to the
adsorbate–adsorbate repulsions and the adsorption of adsorbate
is uniformly distributed [64]. In addition, it also assumes that the
fall in the heat of adsorption is linear rather than logarithmic, as
implied in the Freundlich isotherm. The non-linear form of Tempkin
equation is given by Eq. (10) [65]:

qe = RT

bT
ln(AT Ce) (10)

Eq. (10) can be linearized as given by Eq. (11)

qe = BT ln AT + BT ln Ce (11)

where, BT = (RT)/bT, T is the absolute temperature in K and R is the
universal gas constant (8.314 J mol−1 K−1). The constant bT is related
to the heat of adsorption, AT is the equilibrium binding constant
(L min−1) corresponding to the maximum binding energy [66]. The
slope and the intercept from a plot of qe versus ln Ce determines the
isotherm constants AT and bT.

2.5.6. Dubinin–Radushkevich (D–R) isotherm
Dubinin and Radushkevich have proposed another isotherm

which can be used to analyze the equilibrium data [59]. It is
not based on the assumption of homogeneous surface or con-
stant adsorption potential, but it is applied to estimate the mean
free energy of adsorption (E). If the value of E is between 1 and
16 kJ mol−1, then physical adsorption prevails, and if the value is
more than 16 kJ mol−1, then chemisorption prevails. The non-linear
form of D–R equation is given by Eq. (12) [67]:
qe = Qm exp(−Kε2) (12)

Eq. (12) is represented in a linear form as given by Eq. (13):

ln qe = ln Qm − Kε2 (13)
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here K (mol2 kJ−2) is a constant which relates to the adsorption
nergy; Qm (mg g−1) is the maximum adsorption capacity; and ε
an be calculated from Eq. (14).

= RT ln
(

1+ 1
Ce

)
(14)

he D–R isotherm constants, K and Qm are estimated from the slope
nd intercept of the plot between ln qe and ε2.

.5.7. Generalized isotherm
The generalized isotherm is a combination of Langmuir and Fre-

ndlich isotherms. It depends on the value of cooperative binding
onstant (Nb). A generalized isotherm can also be used to fit the
quilibrium data [60]. The linear form of the generalized isotherm
s given by Eq. (15):

og
(

Qm

qe
− 1

)
= log KG − Nb log Ce (15)

here, KG is the saturation constant (mg L−1); Nb is the coopera-
ive binding constant; and Qm is the maximum adsorption capacity
f the adsorbent (mg g−1) (obtained from the Langmuir isotherm
odel). The isotherm constants KG and Nb are obtained from the

lope and intercept of the plot of log [(Qm/qe)−1] versus log Ce.

.6. Adsorption kinetics

The dynamics of the adsorption process in terms of the order
nd the rate constant can be evaluated using the kinetic adsorption
ata. The process of Cr(VI) removal from an aqueous phase by any
dsorbent can be explained by using kinetic models and examining
he rate-controlling mechanism of the adsorption process such as
hemical reaction, diffusion control and mass transfer. The kinetic
arameters are useful in predicting the adsorption rate which can
e used as important information in designing and modeling of the
dsorption operation. The kinetics of removal of Cr(VI) is explicitly
xplained in the literature using pseudo first-order, second-order,
nd Elovich kinetic models [68–70].

.6.1. Pseudo first-order kinetics
Lagergren showed that the rate of adsorption of solute on the

dsorbent is based on the adsorption capacity and followed a
seudo first-order equation [68,69]. The non-linear form of the
seudo first-order equation is given by Eq. (16):

dqt

dt
= kad(qe − qt) (16)

here, qe and qt are the amounts of Cr(VI) adsorbed (mg g−1) at
quilibrium time and at any instant of time, t, respectively, and kad
L min−1) is the rate constant of the pseudo first-order adsorption
peration. The integrated rate law after application of the initial
ondition of qt = 0 at t = 0, becomes a linear equation as given by Eq.
17):

og(qe − qt) = log qe −
(

kadt

2.303

)
(17)

he plot of log(qe−qt) versus t gives a straight line for the pseudo
rst-order adsorption kinetics, from the adsorption rate constant,
ad, is estimated.

Pseudo first-order kinetic equation differs from a true first-order
quation in two ways: (i) the parameter kad (qe−qt) does not rep-

esent the number of available sites, and (ii) the parameter log(qe)
s an adjustable parameter and often it is found that it is not equal
o the intercept of the plot of log(qe−qt) versus t, whereas in a
rue first-order model the value of log qe should be equal to the
ntercept [69]. Hence, pseudo first-order kinetic model (Eq. (16)) is
ing Journal 150 (2009) 352–365 355

used for estimating kad alone, which is considered as mass transfer
coefficient in the design calculations.

2.6.2. Second-order kinetics
As pseudo first-order kinetic model gives only kad and as qe

cannot be estimated using this model, applicability of the second-
order kinetics has to be tested for the estimation of qe with the rate
equation given by Eq. (18):

dqt

dt
= k2(qe − qt)

2 (18)

where, k2 (g mg−1 min−1) is the second-order rate constant. From
the boundary conditions, t = 0 to t and qt = 0 to qt, the integrated
form of the equation becomes Eq. (19):

1
(qe − qt)

= 1
qe
+ k2t (19)

Eq. (19) can be written in a linear form, as given by Eq. (20):

t

qt
= 1

h
+

(
1
qe

)
t (20)

where, h = k2qe
2 that can be regarded as the initial sorption rate as

t→0. Under such circumstances, the plot of t/qt versus t should give
a linear relationship, which allows the computation of qe and k2.

2.6.3. Elovich kinetic equation
Elovich equation is a rate equation based on the adsorption

capacity commonly expressed as Eq. (21) [70]:

dqt

dt
= ˛ exp(−ˇqt) (21)

where, ˛ (mg g−1 min−1) is the initial adsorption rate and ˇ (g mg−1)
is the desorption constant related to the extent of the surface cover-
age and activation energy for chemisorption. Eq. (21) is simplified
by assuming ˛ˇ� t and by applying the boundary conditions qt = 0
at t = 0 and qt = qt at t = t, as given by Eq. (22):

qt = 1
ˇ

ln(˛ˇ)+ 1
ˇ

ln t (22)

The slope and intercept of the plot of qt versus ln t result in the
estimation of the kinetic constants, ˛ and ˇ.

2.7. Desorption study

Desorption studies are conducted by batch experiments. The
15 g of saturated sawdust with Cr(VI) is first treated with 150 mL
of 1N NaOH solution for 1 day. After the NaOH treatment, sawdust
is separated from the solution and washed with distilled water.
Washed adsorbent is further regenerated with 150 mL of 1N HCl.
The sawdust is washed with distilled water and dried at room tem-
perature (∼30 ◦C) for 6 h. Desorption experiments are carried out
with different initial concentrations of Cr(VI) from 50 to 500 mg L−1

while maintaining the adsorbent amount of 10 g L−1 and an initial
pH value of 1 at 30 ◦C.

2.8. Interference studies

Batch experiments are conducted to investigate the influence of
other ions such as iron (Fe2+), lead (Pb2+), sodium (Na+), calcium
(Ca2+), magnesium (Mg2+), zinc (Zn2+), cadmium (Cd2+), sulphate
(SO4

−2), and nickel (Ni2+) that are present in the industrial effluent

stream. These experiments are carried out by maintaining the initial
Cr(VI) concentration, initial pH, and adsorbent amount constant at
200 mg L−1, 1, and 10 g L−1 respectively. Experiments are conducted
for different concentration (mg L−1) ranges of other ions as shown
in Table 1. Based on the tannery effluent composition reported by
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Table 1
Concentration range of other ions and composition of synthetically prepared electroplating and tannery effluent.

S. No. Other ion Concentration range (mg L−1) Concentration of other ions in synthetically
prepared electroplating effluent (mg L−1)

Concentration of other ions in synthetically
prepared tannery effluent (mg L−1)

1 Fe2+ 10–40 10 40
2 Pb2+ 5–30 – 10
3 Na+ 200–800 – 800
4 Ca2+ 200–800 – 800
5 Mg2+ 200–800 – 800
6 2+

7
8
9

C
K
t
T

3

r
a
t
d
i
t
t
e
c
c
b
i

T
M

S

2

2
2
2
2
2

2
2
3

3

Zn 100–400 250
Cd2+ 25–100 –
SO4

−2 200–500 450
Ni2+ 25–100 50

ontreras-Ramos et al. [71] and electroplating industry effluent by
umar et al. [9], synthetic solutions are prepared and the concen-
ration of other ions present in these effluent streams are given in
able 1.

. Results and discussion

In the present study, sawdust is used as an adsorbent for Cr(VI)
emoval from wastewater. It is found that, using the sawdust as
n adsorbent, the maximum capacity obtained for Cr(VI) adsorp-
ion is 41.52 mg g−1. The comparison of the adsorbent capacity of
ifferent low cost and commercially available adsorbents is shown

n Table 2. When compared with other adsorbents, the results of
he present study indicate that sawdust as an adsorbent has bet-
er adsorption capacity in almost all cases (S. Nos. 5–32 in Table 2)

xcept for activated neem leaves, activated carbon, and bentonite
lay (S. Nos. 1–3 in Table 2). The results of the present study indi-
ate that sawdust proves to be a cost effective adsorbent that can
e used for the removal of Cr(VI) from wastewater. The metallic

ons uptake on sawdust mainly depends on the ions concentra-

able 2
aximum adsorbent capacity of various commercial and low-cost adsorbents.

. No. Adsorbent Maximum adsor

1 Activated neem leaves 62.97
2 Activated carbon (Filtrasorb-400) 57.7
3 Bentonite clay 49.75
4 Sawdust 41.52
5 Activated tamarind seeds 29.7
6 Coconut husk fiber 29
7 Tea factory waste 27.24
8 Leaf mould 25.9
9 Pine needles 21.50

10 Coconut shell based activated carbon 20
11 Sugar beet pulp 17.2
12 Palm pressed-fibers 15.0
13 Maize cob 13.8
14 Sugar cane bagasse 13.4
15 Activated charcoal 12.87
16 Almond 10
17 Polymer grafted sawdust 9.4
18 Maple sawdust 8.2
19 Activated alumina 7.44
0 Cactus 7.08

21 Coal 6.78
2 Biomass residual slurry 5.87
3 Distillery sludge 5.7
4 Calcined bauxite 2.02
5 Fly ash impregnated with aluminum 1.8
6 Waste tea 1.55

27 Fe(III)/Cr(III) hydroxide 1.43
8 Walnut shell 1.33
9 Agricultural waste biomass 0.82
0 Rice husks 0.6

31 Soya cake 0.28
2 River bed sand 0.15
–
25

–
–

tion, and adsorption and reduction phenomena that simultaneously
take place on the adsorbent surface [85–88]. These phenomena
are strongly related to the solution pH. Various mechanisms such
as electrostatic forces, ion-exchange, chemical complexation must
be taken into account while discussing the mechanism of Cr(VI)
adsorption on adsorbents. The solution pH plays a major role in the
adsorption of Cr(VI) and it can be related to the type and ionic state
of the functional group present on the adsorbent surface [89]. The
ionic state of the functional group present on the adsorbent surface
depends on the pHzpc (zero point of charge) value of adsorbent. The
obtained value of pHzpc of sawdust is 6.2, and below this pH, the
surface charge of the adsorbent is positive [18,31]. If the pH of the
solution (pH 1) is less than the value of pHzpc, then the active sites
of sawdust are positively charged. In the present study, the initial
pH of solution is maintained in the range of 1–3 and the equilibrium
solution pH (after adsorption of Cr(VI)) is also obtained in the range

of 1.23–1.55 for an initial Cr(VI) concentration ranging from 50 to
500 mg L−1 and final Cr(VI) concentration from 0.02 to 85.46 mg/L.
Within the solution pH range of 1.0–6.0, chromium ions can exist
in different forms, such as Cr2O7−, HCrO4−, Cr3O10

2−, Cr4O13
2− of

which HCrO4− predominates [3]. At lower solution pH value (1–3),

bent capacity, qm (mg g−1) Optimum pH Reference

2 [3]
– [72]
3.0 [73]
1.0 Present study
2.0 [2]
2.05 [74]
2.0 [11]
2.5 [75]
2.0 [35]
2.5 [76]
2.0 [77]
2.0 [74]
1.5 [77]
2.0 [77]
2.0 [78]
2.0 [35]
3.0 [79]
4.0 [40]
2.0 [78]
2.0 [35]
2.0 [35]
2.0 [80]
2.5 [42]
3.8 [16]
2.0 [81]
– [82]
5.7 [80]
– [82]
2.0 [61]
– [83]
1.0 [43]
2.5 [84]
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from the aqueous Cr(VI) solution is 99.89% which shows almost the
complete removal of Cr(VI). Hence, the further decrease in initial pH
value does not have any significance. The following reaction (Eq. 24)
and the subsequent reaction mechanism for adsorption of Cr(VI) at
S. Gupta, B.V. Babu / Chemical En

he increase in Cr(VI) adsorption is due to the electrostatic attrac-
ion between positively charged groups of adsorbent surface and
he HCrO4−. Another possible reason for the higher adsorption of
r(VI) on sawdust could be the reduction of Cr(VI) to Cr(III) in acidic
edium. At low pH, the presence of H+ ions in the solution is high
hich causes the reduction of Cr(VI) to Cr(III) ions due to high redox
otential (1.3 V at standard state) as shown in the reaction below
18,31].

CrCO4
− +7H+ +3e−→ Cr3+ +4H2O (23)

The oxidation product of this reaction is water. As the size of
r(III) ions is small, they can be easily replaced by the positively
harged ions present on the sawdust surface [36]. Though in prin-
iple, there is a possibility of reduction of Cr(VI) ion into Cr(III) at
ow pH, the earlier studies reported that the amount of total Cr and
r(VI) at low pH is approximately same [9] which indicates that
he presence of Cr(III) in the final solution is insignificant. So in
his study, the amount of Cr(III) is not determined. The mechanism
f electrostatic attraction between sawdust surface and HCrO4− is
ound more appropriate for explaining the Cr(VI) adsorption onto
he sawdust.

Besides pH, another key factor which dominates the adsorption
f Cr(VI) on sawdust is the available surface area. In general, natu-
ally occurring adsorbents have less surface area which results in a
ower adsorption capacity of Cr(VI) ions. The specific surface area
f sawdust is obtained as 0.86 m2/g, which is much higher as com-
ared to other low-cost adsorbent such as tea factory waste which
as a specific area of 0.39 m2/g [11]. Large specific surface area is
ne of the important reason for the higher uptake of Cr(VI) on saw-
ust. Sawdust has a lesser bulk density (0.125 g/cm3) because of
hich almost all the surface is available for adsorption. This is also

ne of the reasons for the higher adsorption capacity of Cr(VI) on
awdust.

In previous studies [1–3], it has been found that the chemi-
ally activated naturally occurring adsorbent has a higher surface
rea and shows a larger capacity of Cr(VI) removal. But in the
resent study, the sawdust which has not been activated is com-
aratively showing a better adsorption capacity as compared to
ther chemically activated or non-activated adsorbents which is
hown in Table 2. Adsorption also depends on various parame-
ers such as initial pH, change in pH during adsorption, contact
ime, adsorbent amount, and initial Cr(VI) concentration. Based
n the results obtained in the present study, the effect of these
arameters is studied and discussed in detail in the following
ection.

.1. Effect of time

The effect of contact time on Cr(VI) adsorption on sawdust is
nvestigated to study the rate of Cr(VI) removal. Fig. 1 shows the
ercentage removal of Cr(VI) for different values of the initial Cr(VI)
oncentration ranging from 100 to 400 mg L−1 at pH 1. It is evident
rom Fig. 1 that time is an important parameter for the adsorp-
ion of Cr(VI) on sawdust. While increasing the Cr(VI) concentration
rom 100 to 400 mg L−1, the percentage removal decreases from
6% to 66% for initial 250 min of contact time. After that, the per-
entage removal of Cr(VI) reaches slowly to 99% and 81% for the
nitial Cr(VI) concentration of 100 and 400 mg L−1 respectively till
050 min (Fig. 1). Hence the equilibrium time obtained is 1050 min
or the Cr(VI) adsorption on sawdust. The rate of Cr(VI) removal
sing sawdust is increased rapidly till 250 min. A further increase
n the contact time has a negligible effect on the rate of adsorp-
ion of Cr(VI). The nature of adsorbent and the available adsorption
ites affect the rate of adsorption of Cr(VI). The mechanism of solute
ransfer to the solid includes diffusion through the fluid film around
he adsorbent particle and diffusion through the pores to the inter-
Fig. 1. Effect of contact time on the adsorption of Cr(VI) using sawdust at 30 ◦C and
pH 1 for different initial Cr(VI) concentrations.

nal adsorption sites. In the initial stages of adsorption of Cr(VI), the
concentration gradient between the film and the available pore sites
is large, and hence the rate of adsorption of Cr(VI) is faster. The rate
of adsorption decreases in the later stages of the Cr(VI) adsorption
probably due to the slow pore diffusion of the solute ion into the
bulk of the adsorbent.

3.2. Effect of pH

It is well known that the initial pH of a system is an important
parameter in the adsorption of Cr(VI) [90]. In the present work, the
effect of initial pH on the adsorption of Cr(VI) using sawdust as an
adsorbent is studied in the initial pH range of 1–11. The relation
between the initial pH of the solution and the percentage removal
of Cr(VI) is shown in Fig. 2. The percentage removal of Cr(VI) is
increased from 6.9% to 99.89% with decreasing the initial pH from
11 to 1. At an initial pH value of 1, the percentage removal of Cr(VI)
Fig. 2. Effect of pH on the adsorption of Cr(VI) using sawdust at 30 ◦C.
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from 12.29 to 2.08 mg g−1 by increasing the adsorbent amount from
4 to 24 g L−1. It may be noted that though the increase in percent-
age removal is only from 98.30% to 99.66% (from 4 to 24 g/L for the
above percentage removal range) which appears to be out of con-
trol, in order to find out the optimum amount of adsorbent (from
ig. 3. (a) Change in pH of solution with time of adsorption at initial Cr(VI) con-
entration, 400 mg L−1; and temperature, 30 ◦C. (b) Change in pH of solution with
hange in initial Cr(VI) concentration at initial pH 1; and temperature, 30 ◦C.

ifferent pH values are used to explain the observed trend:

2H+ + 2HCrO4
− 2H+←→2H2CrO4 ↔ 2H2O

+Cr2O7
2− 2H+←→2CrO3 + 2H2O (24)

At a lower pH (pH 1) value, the dominant form of Cr(VI) is
CrO4

−while the surface of the adsorbent is charged positively. The
table forms of chromium such as H2CrO4 and CrO3 exist as polynu-
lear species at a high chromium concentration [91] and hence the
ow pH value of 1 results in a higher percentage removal of Cr(VI)
sing sawdust. In addition, for the pH values above 1, the adsorp-
ion capacity decreases with increasing pH. Increasing the pH value
ill shift the concentration of HCrO4

− to other forms (CrO4
2− and

r2O7
2−). The decrease in adsorption of Cr(VI) by increasing the

alue of pH may be due to the dual competition of both the anions
CrO4

2− and OH−) to be adsorbed on the surface of the adsorbent
f which OH− predominates.
The change in solution pH is observed with time at initial Cr(VI)
oncentration of 400 mg L−1 by keeping the sawdust amount con-
tant (10 g L−1) and shown in Fig. 3(a). It is observed that the value
f pH is increasing from 1.11 to 1.54 with the increase in adsorp-
ion time from 20 to 1110 min. Equilibrium solution pH value is also
ing Journal 150 (2009) 352–365

obtained at different initial Cr(VI) concentration ranging from 50 to
500 mg L−1 and is plotted in Fig. 3(b). The equilibrium pH is found
increasing from 1.23 to 1.55 with increase in initial Cr(VI) concen-
tration from 50 to 500 mg L−1. The obtained results indicate that
with increase in the adsorption of Cr(VI) on sawdust, the solution
pH is found increasing. This may be due to the fact that sawdust is
the carbonaceous material. Generally, oxo groups (CxO and CxO2)
are present on the surface of carbonaceous material which when
come in contact with water, hydrolyze water molecules as shown
in Eq. (25) [4]:

2H2O + CxO2⇔ CxOH2
2+ +2OH− (25)

Thus the equilibrium pH of solution is increased in the presence
of hydroxyl ions. When Cr(VI) ions are introduced into the system,
they are adsorbed onto the positively charged surface as given in
the following Eq. (26):

CxOH2
2+ +HCrO4

−⇔ CxO2H3CrO3
− (26)

Combining Eq. (25) and (26) gives Eq. (27):

CxO + 2H2O + HCrO4
−⇔ CxO2H3CrO3

− +2OH− (27)

Hence every mole of HCrO4
− adsorbed results in the

release of two moles of hydroxyl ions into the solution
which increases the solution pH.

3.3. Effect of adsorbent amount

Study on the effect of sawdust amount for Cr(VI) removal is
important to get the trade-off between the adsorbent capacity and
the percentage removal of Cr(VI) resulting in an optimum saw-
dust amount. The influence of sawdust amount, varying from 4 to
24 g L−1 onto the Cr(VI) adsorption is shown in Fig. 4. The adsorption
amount of Cr(VI) will not indicate the optimum amount of adsor-
bent used because both the percentage removal and the amount
of Cr(VI) adsorbed show an increasing trend. So in the present
study the adsorption capacity is used for the discussion of results
obtained. Earlier studies have also reported in terms of the adsorp-
tion capacity [3,16]. The percentage of Cr(VI) removal increases from
98.30% to 99.66% with an increase in the sawdust amount from 4
to 24 g L−1 respectively. However, the adsorption capacity decreases
Fig. 4. Effect of amount of sawdust on the adsorption of Cr(VI) at initial Cr(VI)
concentration, 50 mg L−1; temperature, 30 ◦C; and initial pH, 1.
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to 24 g/L for the above percentage removal range), the trade-off
etween the adsorption capacity (12.29–2.08 mg g−1) and the per-
entage removal has to be studied. The increase in Cr(VI) removal
ith an increase in the sawdust amount is due to the increase in

urface area and adsorption sites available for adsorption. The drop
n adsorption capacity is basically due to the sites remaining unsat-
rated during the adsorption process. For the adsorbent amount of
.4 g L−1, the optimum values of Cr(VI) removal and the adsorption
apacity are found to be 99.0% and 8.7 mg g−1, respectively.

.4. Effect of initial Cr(VI) concentration

Cr(VI) adsorption is significantly influenced by the initial con-
entration of Cr(VI) in aqueous solutions. In the present study, the
dsorption experiments are performed to study the effect of initial
r(VI) concentration by varying it from 50 to 500 mg L−1 at an ini-
ial pH value of 1 while maintaining the sawdust amount of 10 g L−1

nd obtained results are presented in Fig. 5. Once the equilibrium
s reached between the solid phase Cr(VI) concentration and the
queous phase Cr(VI) concentration, the pH value of solutions are
easured. The equilibrium values of pH and final solution concen-

ration are shown in Fig. 3(b). It is found that the final value of
olution pH increases from 1.23 to 1.55 with an increase in the
nitial Cr(VI) concentration from 50 to 500 mg L−1. This indicates
hat there is not a significant change in the final value of solution
H which confirms the higher acidic medium in solution after the
dsorption of Cr(VI). The results show that with an increase in the
r(VI) concentration from 50 to 500 mg L−1, the percentage removal
ecreases from 99.9% to 89.9% and the adsorption capacity increases
rom 4.98 to 41.45 mg g−1. The decrease in the percentage removal
f Cr(VI) can be explained with the fact that all the adsorbents had
limited number of active sites, which would have become sat-

rated above a certain concentration. The increase in adsorption
apacity with an increase in the Cr(VI) concentration may be due
o the higher adsorption rate and the utilization of all the active
ites available for the adsorption at higher concentration. For an
nitial Cr(VI) concentration of the 216 mg L−1, the optimum values
f Cr(VI) removal and the adsorption capacity are found to be 93.5%
nd 28 mg g−1 respectively.
.5. Adsorption isotherm study

Adsorption isotherms are important to describe the adsorption
echanism for the interaction of Cr(VI) on the adsorbent surface.

he equilibrium studies are useful to obtain the adsorption capacity

ig. 5. Effect of initial Cr(VI) concentration on adsorption of Cr(VI) using sawdust at
0 ◦C and initial pH 1.
Fig. 6. Langmuir isotherm model for the Cr(VI) adsorption onto sawdust.

of sawdust for Cr(VI) removal. An adsorption isotherm is character-
ized by certain constants that express the surface properties and
the affinity of the adsorbent towards Cr(VI). The equilibrium data
for the adsorption of Cr(VI) using sawdust fits into various isotherm
models which results in a suitable model that can be used for the
design of an adsorption process. In the present study, seven equi-
librium models are analyzed to investigate the suitable adsorption
isotherm, as the adsorbent developed is new.

3.5.1. Langmuir isotherm
The isotherm data has been linearized using the Langmuir equa-

tion and is plotted between Ce/qe versus Ce which is shown in Fig. 6.
The Langmuir constant qm, which is a measure of the monolayer
adsorption capacity of sawdust, is obtained as 41.52 mg g−1 in the
equilibrium pH value range of 1.23–1.55. The Langmuir constant,
b, which denotes adsorption energy, is found to be 0.4388 L mg−1.
The high value of coefficient of determination (R2 = 0.993) obtained
indicates a good agreement between the experimental values and
isotherm parameters and also confirms the monolayer adsorption
of Cr(VI) onto the sawdust surface. The dimensionless parame-
ter, RL, which is a measure of adsorption favorability is found in
the range of 0.00453 and 0.0435 (0 < RL < 1) which confirms the
favorable adsorption process for Cr(VI) removal using sawdust. The
values of RL are near to zero which favors the irreversible adsorp-
tion. Though the R2 value obtained is reasonably high (0.993), in
order to find out if a better fit is possible with other isotherms,
the results are analyzed with other six isotherms available in the
literature.

3.5.2. Freundlich isotherm
The Freundlich constants, Kf and n are obtained by plotting the

graph between log qe versus log Ce as shown in Fig. 7. The values
of Kf and nF are 16.66 and 0.2095 respectively. It is found that the
coefficient of determination obtained from the Freundlich isotherm
model for sawdust is 0.931 which is lower than that for Langmuir
isotherm model as given in Table 3. Freundlich isotherm model is
widely used but does not provide the information on the mono-
layer adsorption capacity. The obtained result indicates that the
equilibrium data is not fitted well with the Freundlich isotherm

model.

3.5.3. Redlich–Peterson isotherm
Redlich–Peterson isotherm constants are not possible to obtain

using graphical method because of three unknown parameters.
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Fig. 7. Freundlich isotherm model for the Cr(VI) adsorption onto sawdust.

o the three isotherm constants are obtained using a professional
raphics software package ORIGIN (version 6) and are listed in
able 3. The experimental equilibrium data and the obtained equi-
ibrium data using Redlich–Peterson model is plotted in Fig. 8. The
oefficient of determination for Redlich–Peterson isotherm model
s obtained as 0.987 which shows a good applicability of this model
or the adsorption of Cr(VI) using sawdust as an adsorbent. The coef-
cient of determination obtained for Redlich–Peterson isotherm
odel is greater than that of Freundlich isotherm model but less

han that of Langmuir isotherm model.

.5.4. Koble–Corrigan isotherm
The three isotherm constants of Koble–Corrigan model are also

valuated using a professional graphics software package ORIGIN
version 6) and are listed in Table 3. Fig. 9 shows the compari-
on between the data predicted by Koble–Corrigan isotherm model

nd the equilibrium experimental data obtained for the adsorption
f Cr(VI) at different initial Cr(VI) concentration. The coefficient
f determination for Koble–Corrigan isotherm model is obtained
s 0.986 which shows that equilibrium data obtained for the

able 3
sotherm constants and regression data for various adsorption isotherms for adsorp-
ion of Cr(VI) on sawdust.

. No. Adsorption isotherm Isotherm parameters R2

Langmuir
Qm 41.52 0.993
b 0.438

Freundlich
KF 16.66 0.931
nF 0.209

Redlich–Peterson
A 1914 0.988
B 104.5
g 0.818

Koble–Corrigan
a 16.58 0.986
b −0.035
n 0.187

Tempkin
AT 235.5 0.965
BT 3.921
bT 642.5

Dubinin–Radushkevich
Qm 31.79 0.872
K×108 1.730
E 5.370

Generalized
Nb 0.685 0.737
KG 0.238
Fig. 8. Plot of equilibrium experimental data and calculated equilibrium data using
Redlich–Peterson isotherm model for the adsorption of Cr(VI) onto sawdust.

adsorption of Cr(VI) using sawdust also follows Koble–Corrigan
isotherm model. This indicates the combination between hetero-
geneous and homogeneous adsorption of Cr(VI) using sawdust. The
coefficient of determination obtained for Koble–Corrigan isotherm
model is greater than that of Freundlich isotherm model but less
than that of Langmuir isotherm and Redlich–Peterson isotherm
models.

3.5.5. Tempkin isotherm
A plot of qe versus ln Ce at a constant temperature is used

to calculate the Tempkin isotherm constants, AT and bT which is
shown in Fig. 10. The constants AT and bT, obtained for Tempkin
isotherm model are 235.49 L min−1 and 642.485 and also tabu-
lated in Table 3. The obtained coefficient of determination (R2)
for Tempkin isotherm model is 0.965 which confirms the better
fit of equilibrium data as compared with the Freundlich isotherm
model. But Tempkin isotherm model is not as good as Langmuir,

Redlich–Peterson, and Koble–Corrigan isotherm models as can be
seen from the reported values of coefficient of determination (R2)
in Table 3.

Fig. 9. Plot of equilibrium experimental data and calculated equilibrium data using
Koble–Corrigan isotherm model for the adsorption of Cr(VI) onto sawdust.
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Fig. 10. Tempkin isotherm model for the Cr(VI) adsorption onto sawdust.

.5.6. Dubinin–Radushkevich isotherm
Fig. 11 shows the plot between ln qe and ε2 at a con-

tant temperature of 30 ◦C. The constants, Qm and K obtained
or Dubinin–Radushkevich isotherm model are 31.79 mg g−1 and
.73×10−8 mol2 kJ−2. The value of coefficient of determination
R2 = 0.872) indicates that the Dubinin–Radushkevich isotherm

odel does not fit well with the equilibrium experimental data
s compared with the other models considered. The maximum
dsorption capacity, Qm, obtained using Dubinin–Radushkevich
sotherm model is 31.79 mg g−1 for the adsorption of Cr(VI) by saw-
ust which is less than the value of Qm obtained using the Langmuir

sotherm model (41.5 mg g−1). The mean free energy of adsorption,
, is obtained as 5.37 kJ mol−1. The typical E values for ion-exchange
echanisms are ranged between 1 and 16 kJ mol−1, indicating that

he adsorption of Cr(VI) using sawdust is physical adsorption.

.5.7. Generalized isotherm equation

The generalized isotherm constants, KG and Nb, are calculated by

lotting the graph between log [(Qm/qe)−1] and log Ce as shown in
ig. 12. The slope, Nb and intercept, log KG of this plot determines
he isotherm constants, Nb as 0.685 and KG as 0.238 mg L−1. The

ig. 11. Dubinin–Radushkevich isotherm model for the Cr(VI) adsorption onto saw-
ust.
Fig. 12. Generalized isotherm model for the Cr(VI) adsorption onto sawdust.

coefficient of determination obtained for the generalized isotherm
model is 0.737 which is very much less than that obtained with
the other isotherm models as given in Table 3. This shows that the
equilibrium experimental data for adsorption of Cr(VI) on sawdust
cannot be represented by the generalized isotherm model.

3.5.8. Final remarks on isotherm study
The experimental equilibrium data are found to be fitted

well with the Langmuir isotherm model which indicates the
monomolecular adsorption of Cr(VI) onto sawdust. It is also fit-
ting with Redlich–Peterson and Koble–Corrigan isotherm model
as both these models are derived from Langmuir and Freundlich
isotherm. Freundlich, Tempkin, Dubinin–Radushkevich, and Gen-
eralized isotherms cannot be used for explaining the equilibrium
relationship of Cr(VI) adsorption onto sawdust.

Equilibrium relationship is required in designing of fixed-bed
adsorption column which yields the difference in liquid-phase
concentration and equilibrium solid phase concentration (driving
force). This driving force is required to evaluate the amount of
Cr(VI) accumulated on solid surface which is needed to obtain the
liquid-phase concentration of Cr(VI) at any given height and time.
Adsorption isotherm also characterizes the shape of the break-
through curve which is dominant design parameter in designing
of fixed-bed adsorption column. If the isotherm is favorable, the
breakthrough curve becomes steeper which results decrease in the
length of unused bed and higher percentage removal of Cr(VI) of
the fixed-bed adsorption column.

3.6. Adsorption kinetics

In order to understand the kinetics of removal of Cr(VI) using
sawdust as an adsorbent, pseudo first-order, second-order and
Elovich kinetic models are tested with the experimental data.

3.6.1. Pseudo first-order kinetics
The plot of log(qe−qt) versus t gives a straight line as shown

in Fig. 13 which represents the pseudo first-order kinetics for the
removal of Cr(VI) using sawdust. The values of first-order rate
constants, k1 and qe for the initial Cr(VI) concentration ranges

−1
of 100–400 mg L , by keeping the adsorbent amount constant
(10 g L−1), are calculated and listed in Table 4. The coefficient of
determination (R2) is found to be in the range of 0.97–0.982 which
seems to be good and shows the applicability of pseudo first-
order kinetic model for the removal of Cr(VI) using sawdust. The
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Fig. 14. Second-order plot for the adsorption of Cr(VI) using sawdust for adsorbent
amount, 10 g L−1; initial pH, 1.0; and temperature, 30 ◦C.
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ig. 13. Lagergren plot for the adsorption of Cr(VI) using sawdust for adsorbent
mount, 10 g L−1; initial pH, 1.0; and temperature, 30 ◦C.

rue value of qe obtained from experiments for 100, 200, 300, and
00 mg L−1 of initial Cr(VI) concentrations are 9.81, 18.57, 26.01, and
2.439 mg g−1 respectively which is not in agreement as expected
as discussed in Section 2.6.1) with the pseudo first-order model
redicted values as given in Table 4.

.6.2. Second-order kinetics
As a result of the non-applicability of pseudo first-order model,

he kinetics for the adsorption of Cr(VI) on sawdust is tested with
he second-order kinetic model. The application of the second-
rder kinetics by plotting t/qt versus t as shown in Fig. 14, yielded
he second-order rate constant, k2, estimated equilibrium capacity
e, and the coefficient of determination (R2) for the initial Cr(VI)
oncentration ranging from 100 to 400 mg L−1, which are reported
n Table 4. The calculated qe values show a good agreement with
he experimental values and the obtained values for coefficient of
etermination (R2) are more than 0.997 which indicates that the
econd-order kinetic model describes well the removal of Cr(VI)
sing sawdust as an adsorbent.

.6.3. Elovich kinetic equation
Fig. 15 represents the application of linear form of Elovich kinetic

quation which is a plot between qt and ln t. The Elovich kinetic
onstants ˛ and ˇ are obtained from the intercept and the slope
espectively. The coefficient of determination (R2) are obtained in
he range of 0.962–0.976 for all the values of initial Cr(VI) concen-
ration (100–400 mg L−1) which are found to be less than the values
alculated using pseudo first-order and second-order kinetic model
s shown in Table 4.
.6.4. Final remarks on kinetic studies
The value of coefficient of determination (R2) for the second-

rder kinetic model is more than that obtained using the pseudo
rst-order and Elovich kinetic models for all the values of the initial

able 4
alculated kinetic parameters for pseudo first-order, second-order and Elovich kinetic mo

. No. C0 (mg L−1) qe (mg g−1) (experimental) First-order kinetic model

k1 ×103 qe R2

100 9.81 3.98 4.27 0.982
200 18.57 3.79 8.09 0.982
300 26.01 3.66 14.5 0.970
400 32.44 3.34 18.6 0.970
Fig. 15. Elovich kinetic model plot for the adsorption of Cr(VI) using sawdust for
adsorbent amount, 10 g L−1; initial pH, 1.0; and temperature, 30 ◦C.

Cr(VI) concentration. Thus the kinetics of Cr(VI) adsorption using
sawdust as an adsorbent can be better explained by the second-
order kinetic model. It is important to get the rate at which Cr(VI)
is adsorbed on to the solid surface of sawdust which is impor-
tant in designing of fixed-bed adsorption column. With the use of
adsorption rate kinetic constants, the mass transfer coefficient and
equilibrium capacity of adsorbent at different fluid phase concen-

tration can be obtained. Amount of Cr(VI) adsorbed in solid surface
is estimated using the kinetic equation which is required to esti-
mate the fluid phase concentration in fixed-bed column operation.
The dominant design parameters of fixed-bed adsorption column,
the breakthrough time and shape of the breakthrough curve are

dels for the adsorption of Cr(VI) using sawdust as an adsorbent.

Second-order kinetic model Elovich kinetic model

k2 ×103 qe R2 ˇ ˛ R2

3.39 9.96 0.998 0.97 13.7 0.976
1.47 18.9 0.999 0.45 8.92 0.962
0.59 27.1 0.998 0.26 3.15 0.964
0.43 33.9 0.997 0.20 2.89 0.967



S. Gupta, B.V. Babu / Chemical Engineering Journal 150 (2009) 352–365 363

F
a

d
b
c

3

d
t
r
o
r
C
t
r
t
t
T
9
v
r
c
C
i
r
t
d
p

3

a
o
o
o
y
(

B

v
s

ig. 16. Comparison for the percentage removal of Cr(VI) using fresh and regener-
ted sawdust.

ependent on rate of adsorption. For the faster rate of adsorption,
reakpoint time is obtained earlier, and shape of the breakthrough
urve is steeper.

.7. Regeneration studies

The saturated adsorbent which contains Cr(VI) is not safe for the
isposal due to the stringent environmental constraints. It is impor-
ant and appropriate to propose a method for the regeneration and
euse of adsorbent so as to reduce the load on environment in terms
f disposal of polluted adsorbent. In the present study, sawdust is
egenerated and is used for the removal of Cr(VI) at different initial
r(VI) concentration in the range of 50–500 mg L−1. Fig. 16 shows
he comparison of the percentage removal of Cr(VI) using fresh and
egenerated sawdust. The regenerated sawdust is again used for
he adsorption of Cr(VI) using the same initial Cr(VI) concentra-
ion ranging between 50 and 500 mg L−1 as used for fresh saw dust.
he percentage removal of Cr(VI) obtained found to decrease from
7.42% to 83.99% respectively as compared to the corresponding
alues for fresh adsorbent ranging from 98.85% to 87.59%. These
esults using regenerated sawdust exhibit higher desorption effi-
iency by more than 95% of the fresh sawdust for the removal of
r(VI). Since, Cr(VI) adsorption is an example of physical adsorption,

t is possible to regenerate the sawdust, which can be considered for
euse as indicated by the results obtained in this study. The adsorp-
ion of Cr(VI) onto the sawdust is highly pH dependent. Hence,
esorption of Cr(VI) is accomplished by increasing the solution
H.

.8. Disposal of contaminated solution

The major problem of desorption process is the disposal of the
cid and base solution obtained which contain high concentration
f Cr(VI). One of the methods to tackle this problem is precipitation
f Cr(VI) from the aqueous solution using barium chloride. Addition
f barium chloride solution to Cr(VI) solution precipitates a bright
ellow barium chromate, as given by the following reaction (Eq.
28))
a2+(aq) + CrO4
2−(aq) → BaCrO4(s) (28)

The precipitated solid volume is very less as compared to the
olume of the solution. Also the chromium present in the complex
olid can be recovered and reused by the industries. So this way the
Fig. 17. Effect of other ions on the removal of Cr(VI) using sawdust.

problem of disposal which is a major disadvantage of adsorption
operation can be solved effectively and efficiently.

3.9. Interference of other ions

In the present study, the interference of other ions such as
Fe2+, Pb2+, Na+, Ca2+, Mg2+, Zn2+, Cd2+, SO4

−2, and Ni2+ present in
the electroplating industrial effluent [9] and tannery effluent [71]
wastewater streams is studied for the Cr(VI) removal. The effect of
co-existed ions has not been determined in the present study. As
per the results reported by Rajesh et al. [92], the other co-existed
ions such as Cl−, NO3

− have insignificant effect on the percentage
removal of Cr(VI). The effect of initial concentration of each ion
for varying ranges (Table 1) on the percentage removal of Cr(VI) is
plotted in Fig. 17. The percentage removal of Cr(VI) is marginally
decreased (94.1–89% as shown in Fig. 17) by the presence of Ca2+,
Mg2+, Zn2+, Cd2+, and Ni2+ ions. Hence, it can be inferred that the
adsorption of Cr(VI) is not significantly affected by the presence
of Ca2+, Mg2+, Zn2+, Cd2+, and Ni2+ ions. This may be due to the
higher ionic charge of the Cr(VI) which dominates in the adsorp-
tion as compared to the other divalent ions such as Ca2+, Mg2+,
Zn2+, Cd2+, and Ni2+ions present in the industrial effluent. How-
ever, the percentage removal of Cr(VI) is significantly affected by
the presence of Fe2+, Pb2+, Na+, and SO4

−2 in the industrial effluent.
For the initial concentration of Fe2+ (0–40 mg L−1), the percentage
removal of Cr(VI) ion decreases from 96% to 72.89%. Similar trends
have been observed for the other ions such as Na+, and SO4

−2 as
shown in Fig. 17. But in the presence of lead ion, the percentage
removal first decreases for 5 mg L−1 of Pb2+ concentration and then
increases with an increase in the concentration of Pb2+. This may
be due to the precipitation of Cr(VI) ion in the presence of Pb2+ to
the bright yellow precipitate of lead chromate which is given by the
reaction below [Eq. (29)]:

Pb2+(aq) + CrO4
2−(aq) → PbCrO4(s) (29)

The synthetic solution for the electroplating industry and the
tannery industry effluents (Table 1) are treated with the sawdust
which resulted in the decrease of percentage removal from 96%

to 55.4% and 96% to 50.25% respectively. These results show that
the adsorbent capacity for Cr(VI) removal is decreased approx-
imately by 50% for the synthetic electroplating and tannery
effluents.
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. Conclusions

Utilization of waste material such as sawdust for the removal
f Cr(VI) from the industrial wastewater streams is investigated.
awdust is found to be a better adsorbent for the removal of
r(VI) as compared to many other low cost and commercially avail-
ble adsorbents. The maximum percentage removal of Cr(VI) is
btained at pH 1. The dominant form of Cr(VI) is HCrO4

− and
he surface of adsorbent is charged positively at a lower pH val-
es. It is found from the kinetic studies that the adsorption rate of
r(VI) is faster for the initial 250 min and then it decreases in the

ater part of adsorption. The equilibrium time for Cr(VI) adsorption
n sawdust is obtained as 1050 min. With the increase of adsor-
ent amount, the percentage removal of Cr(VI) increases and the
dsorption capacity of sawdust to adsorb Cr(VI) decreases because
f the availability of more unsaturated adsorption sites. The per-
entage removal decreases and the adsorption capacity increases
ith an increase in the initial Cr(VI) concentration. The equilibrium

dsorption data are tested with various isotherm models such as
angmuir, Freundlich, Redlich–Peterson, Koble–Corrigan, Tempkin,
ubinin–Radushkevich, Generalized isotherm models. The equi-

ibrium data are best fitted with Langmuir isotherm model which
onfirms the monolayer adsorption of Cr(VI) onto the sawdust. The
aximum adsorption capacity is obtained with the application of

angmuir isotherm model as 41.52 mg g−1, which is comparatively
ood adsorption capacity. The kinetics of Cr(VI) adsorption using
awdust as an adsorbent for different values of initial Cr(VI) con-
entration is explained by the second-order kinetic model. The
aturated adsorption is regenerated by acid and base treatment.
he adsorption efficiency of the regenerated sawdust is found to
e more than 95% of fresh sawdust for the removal of Cr(VI). The
ossible solution for the major problem of desorption process [i.e.
he disposal of the acid and base solution obtained that contains
igh concentration of Cr(VI)] is the precipitation of Cr(VI) as bar-

um chromate. The presence of other ions such as Fe2+, Pb2+, Na+ and
O4

2− in aqueous solutions are found to have significant effect on
r(VI) adsorption. Sawdust can be used to treat industrial wastew-
ter streams (electroplating and tanney) containing large amounts
f Cr(VI).

cknowledgment

Authors thank the University Grant Commission (UGC), New
elhi, India, for their financial support.

eferences

[1] S. Gupta, B.V. Babu, Adsorption of Cr(VI) by a low-cost adsorbent prepared
from neem leaves, in: Proceedings of National Conference on Environmen-
tal Conservation (NCEC-2006), BITS, Pilani, September 1–3, 2006, pp. 175–
180.

[2] B.V. Babu, S. Gupta, Removal of Cr(VI) from wastewater using activated tamarind
seeds as an adsorbent, J. Environ. Eng. Sci. 7 (2008) 553–557.

[3] B.V. Babu, S. Gupta, Adsorption of Cr(VI) using activated neem leaves as an
adsorbent: kinetic studies, Adsorption 14 (2008) 85–92.

[4] C. Namasivayam, R.T. Yamuna, Adsorption of chromium (VI) by a low-cost adsor-
bent: biogas residual slurry, Chemosphere 30 (1995) 561–578.

[5] L.R. Radovic, Chemistry and Physics of Carbon, vol. 27, Marcel Dekker Inc., 2000,
pp. 227–405.

[6] P. Kaewsarn, Q. Yu, Cadmium(II) removal from aqueous solution by pre-
treated biomass of marine alga Padina sp., Environ. Pollut. 112 (2001) 209–
213.

[7] A. Selatnia, M.Z. Bakhti, A. Madani, L. Kertous, Y. Mansouri, Biosorption of Cd(II)
from aqueous solution by a NaOH-treated bacterial dead Streptomyces rimosus
biomass, Hydrometallurgy 75 (2004) 11–24.
[8] N. Sankararamakrishnan, A. Dixit, L. Iyengar, R. Sanghi, Removal of hexavalent
chromium using a novel cross linked xanthated chitosan, Bioresour. Technol.
97 (2006) 2377–2382.

[9] R. Kumar, N.R. Bishnoi, G.K. Bishnoi, Biosorption of chromium(VI) from aqueous
solution and electroplating wastewater using fungal biomass, Chem. Eng. J. 135
(2008) 202–208.

[

ing Journal 150 (2009) 352–365

[10] F. Venditti, A. Ceglie, G. Palazzo, G. Colafemmina, F. Lopez, Removal of chromate
from water by a new CTAB–silica gelatin composite, J. Colloid Interface Sci. 310
(2007) 353–361.

[11] E. Malkoc, Y. Nuhoglu, Potential of tea factory waste for chromium(VI) removal
from aqueous solutions: thermodynamic and kinetic studies, Sep. Purif. Tech-
nol. 54 (2007) 291–298.

12] R.A. Goyer, M.A. Mehlman, Toxicology of Trace Elements, John Wiley & Sons
Inc., New York, 1977.

[13] B.L. Carson, H.V. Ellis, J.L. McCann, Toxicology and Biological Monitoring of
Metals in Humans, Lewis Publishers, Chelsea, MI, 1986.

[14] D. Pmila, P.S. Subbaiyan, M. Ramaswamy, Toxic effect of chromium and cobalt
on sarotherodon mossambicus, Indian J. Environ. HITH 33 (1991) 218–224.

[15] E. Alvarez-Ayuso, A. Garcia-Sanchez, X. Querol, Adsorption of Cr(VI) from syn-
thetic solutions and electroplating wastewaters on amorphous aluminium
oxide, J. Hazard. Mater. 142 (2007) 191–198.

[16] S.S. Baral, S.N. Das, P. Rath, R. Chaudhury, Chromium(VI) removal by calcined
bauxite, Biochem. Eng. J. 34 (2007) 69–75.

[17] S. Srivastava, A.H. Ahmad, I.S. Thakur, Removal of chromium and pen-
tachlorophenol from tannery effluents, Bioresour. Technol. 98 (2007)
1128–1132.

[18] P. Suksabye, P. Thiravetyan, W. Nakbanpote, S. Chayabutra, Chromium removal
from electroplating wastewater by coir pith, J. Hazard. Mater. 141 (2007)
637–644.

[19] M. Uysal, A. Irfan, Removal of Cr(VI) from industrial wastewaters by adsorp-
tion. Part I: Determination of optimum condition, J. Hazard. Mater. 149 (2007)
482–491.

20] J.W. Paterson, Wastewater Treatment Technology, Ann Arbour Science, Michi-
gan, 1975, pp. 43–58.

21] W. Jianlong, Z. Xinmin, Q. Yi, Removal of Cr(VI) from aqueous solution by macro-
porous resin adsorption, J. Environ. Sci. Health A 35 (2000) 1211–1230.

22] S. Rengaraj, C.K. Joo, Y. Kim, J. Yi, Kinetics of removal of chromium from water
and electronic process wastewater by ion exchange resins: 1200H, 1500H and
IRN97H, J. Hazard. Mater. 102 (2003) 257–275.

23] C.A. Kozlowski, W. Walkowiak, Removal of chromium(VI) from aqueous solu-
tions by polymer inclusion membranes, Water Res. 36 (2002) 4870–4876.

24] D.M. Roundhill, H.F. Koch, Methods and techniques for the selective extraction
and recovery of oxo-anions, Chem. Soc. Rev. 31 (2002) 60–67.

25] C. Li, H. Chen, Z. Li, Adsorptive removal of Cr(VI) by Fe-modified steam exploded
wheat straw, Proc. Biochem. 39 (2004) 541–545.

26] J.M.N. Chen, O.J.N. Hao, Microbial chromium(VI) reduction, critical reviews,
Environ. Sci. Technol. 28 (1998) 219–251.

27] D. Mohan, K.P. Singh, V.K. Singh, Removal of hexavalent chromium from aque-
ous solution using low-cost activated carbons derived from agricultural waste
materials and activated carbon fabric cloth, Ind. Eng. Chem. Res. 44 (2005)
1027–1042.

28] M. Aliabadi, K. Morshedzadeh, H. Soheyli, Removal of hexavalent chromium
from aqueous solution by lignocellulosic solid wastes, Int. J. Environ. Sci. Tech-
nol. 3 (2006) 321–325.

29] Z. Aksu, Determination of the equilibrium, kinetic and thermodynamic param-
eters of the batch biosorption of nickel(II) ions onto Chlorella vulgaris, Proc.
Biochem. 38 (2002) 89–99.

30] D. Mohan, C.U. Pittman Jr., Activated carbons and low cost adsorbents for reme-
diation of trivalent and hexavalent chromium from water, J. Hazard. Mater. B137
(2006) 762–811.

31] P.A. Kumar, R. Manabendra, S. Chakraborty, Hexavalent chromium removal from
wastewater using aniline formaldehyde condensate coated silica gel, J. Hazard.
Mater. 143 (2007) 24–32.

32] D. Aggarwal, M. Goyal, R.C. Bansal, Adsorption of chromium by activated carbon
from aqueous solution, Carbon 37 (1999) 1989–1997.

33] T. Karthikeyan, S. Rajgopal, L.R. Miranda, Chromium (VI) adsorption from aque-
ous solution by Hevea brasilinesis sawdust activated carbon, J. Hazard. Mater.
124 (2005) 192–199.

34] L. Khezami, R. Capart, Removal of chromium (VI) from aqueous solution by acti-
vated carbons: kinetic and equilibrium studies, J. Hazard. Mater. B 123 (2005)
223–231.

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

36] N.K. Hamadi, X.D. Chen, M.M. Farid, M.G.Q. Lu, Adsorption kinetics for the
removal of chromium(VI) from aqueous solution by adsorbents derived from
used tyres and sawdust, Chem. Eng. J. 84 (2001) 95–105.

37] D. Kratochvil, P. Pimentel, B. Volesky, Removal of trivalent and hexavalent
chromium by seaweed biosorbent, Environ. Sci. Technol. 32 (1998) 2693–
2698.

38] D. Park, Y.S. Yun, J.H. Jo, J.M. Park, Mechanism of hexavalent chromium
removal by dead fungal biomass of Aspergillus niger, Water Res. 39 (2005) 533–
540.

39] V.K. Gupta, A.K. Srivastava, N. Jain, Biosorption of chromium (VI) from aqueous
solutions by green algae Spirogyra species, Water Res. 35 (2001) 4079–4085.

40] L.J. Yu, S.S. Shukla, L.D. Kenneth, A. Shukla, J.L. Margrave, Adsorption of
chromium from aqueous solutions by maple sawdust, J. Hazard. Mater. B 100
(2003) 53–63.
[41] V.K. Gupta, I. Ali, Removal of lead and chromium from wastewater using bagasse
fly ash-a sugar industry waste, J. Colloid Interface Sci. 271 (2004) 321–328.

42] K. Selvaraj, S. Manonmani, S. Pattabhi, Removal of hexavalent chromium using
distillery sludge, Bioresour. Technol. 89 (2003) 207–211.



gineer

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

S. Gupta, B.V. Babu / Chemical En

43] N. Daneshvar, D. Salari, S. Aber, Chromium adsorption and Cr(VI) reduction to
trivalent chromium in aqueous solutions by soya cake, J. Hazard. Mater. B 94
(2002) 49–61.

44] V.K. Gupta, S. Sharma, Removal of cadmium and zinc from aqueous solutions
using red mud, Environ. Sci. Technol. 36 (2002) 3612–3617.

45] C. Mohan, V.K. Gupta, S.K. Srivastava, S. Chander, Kinetics of mercury adsorption
from wastewater using activated carbon derived from fertilizer waste, Colloids
Surf. A: Physicochem. Eng. Aspects 177 (2001) 169–181.

46] E. Malkoc, Y. Nuhoglu, Investigations of nickel(II) removal from aqueous solu-
tions using tea factory waste, J. Hazard. Mater. 127 (2005) 120–128.

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

48] D.C. Sharma, C.F. Foster, Removal of hexavalent chromium using Sphagnum
moss peat, Water Res. 27 (1993) 1201–1208.

49] M. Kobya, Removal of Cr(VI) from aqueous solutions by adsorption onto hazel-
nut shell activated carbon: kinetic and equilibrium studies, Bioresour. Technol.
91 (2004) 317–321.

50] K. Kadirvelu, M. Palanival, R. Kalpana, S. Rajeswari, Activated carbon from an
agricultural by-product, for the treatment of dyeing industry wastewater, Biore-
sour. Technol. 74 (2000) 263–265.

51] P. Alvarez, C. Blanco, M. Granda, The adsorption of chromium (VI) from indus-
trial wastewater by acid and base-activated lignocellulosic residues, J. Hazard.
Mater. 144 (2007) 400–405.

52] K.K. Singh, R. Rastogi, S.H. Hasan, Removal of Cr(VI) from wastewater using rice
bran, J. Colloid Interface Sci. 290 (2005) 61–68.

53] APHA, Standard Methods for the Examination of Water and Wastewater, 16th
ed., APHA, AWWA, WPCF, Washington, DC, 1985.

54] I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and plat-
inum, J. Am. Chem. Soc. 40 (1918) 1361–1367.

55] H.M.F. Freundlic, Uber die adsorption in losungen, Zeitschrift fur Physikalische
Chemie (Leipzig) 57A (1906) 385–470.

56] O. Redlich, D.L. Peterson, A useful adsorption isotherm, J. Phys. Chem. 63 (1959)
1024–1026.

57] R.A. Koble, T.E. Corrigan, Adsorption isotherm for pure hydrocarbons, Ind. Eng.
Chem. 44 (1952) 383–387.

58] M.J. Tempkin, V. Pyzhev, Acta Physiochim, URSS 12 (1940) 217–222.
59] M.M. Dubinin, L.V. Radushkevich, Equation of the characteristic curve of acti-

vated charcoal, Chem. Zentr. 1 (1947) 875.
60] F. Kargi, S. Ozmichi, Biosorption performance of powdered activated sludge for

removal of different dyestuffs, Enzyme Microb. Technol. 35 (2004) 267–271.
61] U.K. Garg, M.P. Kaur, V.K. Garg, D. Suda, Removal of hexavalent chromium from

aqueous solution by agricultural waste biomass, J. Hazard. Mater. 140 (2007)
60–68.

62] X. Yang, B. Al-Duri, Kinetic modeling of liquid-phase adsorption of reactive dyes
on activated carbon, J. Colloid Interface Sci. 287 (2005) 25–34.

63] K.R. Hall, L.C. Eagleton, A. Acrivos, T. Vermeulen, Pore and solid diffusion kinetics
in fixed bed adsorption under constant pattern conditions, Ind. Eng. Chem.
Fundam. 5 (1966) 212–219.

64] D. Kavitha, C. Namasivayam, Experimental and kinetic studies on methylene
blue adsorption by coir pith carbon, Bioresour. Technol. 98 (2007) 14–21.

65] X.S. Wang, Y. Qin, Equilibrium sorption isotherms for of Cu2+ on rice bran, Proc.
Biochem. 40 (2005) 677–680.

66] G. Akkaya, A. Ozer, Adsorption of acid red 274 (AR 274) on Dicranella varia:
determination of equilibrium and kinetic model parameters, Proc. Biochem. 40

(2005) 3559–3568.

67] M.M. Dubinin, Modern state of the theory of volume filling of micropore adsor-
bents during adsorption of gases and steams on carbon adsorbents, Zhurnal
Fizicheskoi Khimii 39 (1965) 1305–1317.

68] Y.S. Ho, G. Mckay, A comparison of chemisorption kinetic models applied to
pollutant removal on various sorbents, Trans. IChemE 76B (1998) 332–340.

[

[

ing Journal 150 (2009) 352–365 365

69] Y.S. Ho, G. Mckay, Comparative sorption kinetic studies of dyes and aromatic
compounds onto fly ash, J. Environ. Sci. Health A34 (1999) 1179–1204.

70] S.H. Chien, W.R. Clayton, Application of Elovich equation to the kinetics of
phosphate release and sorption on soils, Soil. Sci. Soc. Am. J. 44 (1980) 265–268.

71] S.M. Contreras-Ramos, D. Alvarez-Bernal, N. Trujillo-Tapia, L. Dendooven, Com-
posting of tannery effluent with cow manure and wheat straw, Bioresour.
Technol. 94 (2004) 223–228.

72] C.P. Huang, M.H. Wu, The removal of chromium (VI) from dilute aqueous solu-
tion by activated carbon, Water Res. 11 (1977) 673–679.

73] S.S. Tahir, R. Naseem, Removal of Cr(III) from tannery wastewater by adsorption
onto bentonite clay, Sep. Purif. Technol. 53 (2007) 312–321.

74] W.T. Tan, S.T. Ooi, C.K. Lee, Removal of chromium (VI) from solution by coconut
husk and palm pressed fibres, Environ. Technol. 14 (1993) 277–282.

75] D.C. Sharma, C.F. Forster, A comparison of the sorbtive characteristics of leaf
mould and activated carbon columns for the removal of hexavalent chromium,
Proc. Biochem. 31 (1996) 213–218.

76] G.J. Alaerts, V. Jitjaturant, P. Kelderman, Use of coconut shell based activated
carbon for chromium (VI) removal, Water Sci. Technol. 21 (1989) 1701–1704.

77] D.C. Sharma, C.F. Forster, A preliminary examination into the adsorption of hex-
avalent chromium using low-cost adsorbents, Bioresour. Technol. 47 (1994)
257–264.

78] S. Mor, K. Ravindra, N.R. Bishnoi, Adsorption of chromium from aqueous solu-
tion by activated alumina and activated charcoal, Bioresour. Technol. 98 (2007)
954–957.

79] C. Raji, T.S. Anirudhan, Batch Cr(VI) removal by polyacrylamide-grafted saw-
dust: kinetics and thermodynamics, Water Res. 32 (1998) 3772–3780.

80] C. Namasivayam, K. Ranganathan, Waste Fe(III)/Cr(III) hydroxide as adsorbent
for the removal of Cr(VI) from aqueous solution and chromium plating industry
wastewater, Environ. Pollut. 82 (1993) 255–261.

81] S.S. Banarjee, M.V. Joshi, R.V. Jayaram, Removal of Cr(VI) and Hg(II) from aque-
ous solutions using fly ash and impregnated fly ash, Sep. Sci. Technol. 39 (2004)
1611–1629.

82] Y. Orhan, H. Buyukgungur, The removal of heavy metals by using agricultural
wastes, Water Sci. Technol. 28 (1993) 247–255.

83] K.M.S.S. Sumathi, R.M. Naidu, Use of low-cost biological wastes and vermiculite
for removal of chromium from tannery effluent, Bioresour. Technol. 96 (2005)
309–316.

84] Y.C. Sharma, C.H. Weng, Removal of chromium(VI) from water and wastewater
by using riverbed sand: kinetic and equilibrium studies, J. Hazard. Mater. 142
(2007) 449–454.

85] W. Stumm, J.J. Morgan, Aquatic Chemistry, 3rd ed., Wiley & Sons, New York,
1996.

86] M.M. Benjamin, Water Chemistry, McGraw-Hill, New York, 2002.
87] S.J. Park, Y.S. Jang, Pore structure and surface properties of chemically modi-

fied activated carbons for adsorption mechanism and rate of Cr(VI), J. Colloid
Interface Sci. 249 (2002) 458–463.

88] J. Lakatos, S.D. Brown, C.E. Snape, Coals as sorbents for the removal and reduc-
tion of hexavalent chromium from aqueous waste streams, Fuel 81 (2002)
691–698.

89] K. Mohanty, M. Jha, B.C. Meikap, M.N. Biswas, Biosorption of Cr(VI) from aqueous
solutions by Eichhornia crassipes, Chem. Eng. J. 117 (2006) 71–77.

90] M. Sanches-Polo, J. Rivera-Utrilla, Adsorbent–adsorbate interactions in the
adsorption of Cd(II) and Hg(II) on ozonized activated carbon, Environ. Sci. Tech-
nol. 36 (2002) 3850–3854.
91] B. Bayat, Comparative study of adsorption properties of Turkish fly ashes II. The
case of chromium(VI) and cadminum(II), J. Hazard. Mater. 95 (2002) 275–290.

92] N. Rajesh, B. Deepthi, S. Archana, Solid phase extraction of chromium (VI)
from aqueous solutions by adsorption of its ion associated complex with
cetyltrimethylamoniumbromide on an alumina column, J. Hazard. Mater. 144
(2007) 464–469.


	Removal of toxic metal Cr(VI) from aqueous solutions using sawdust as adsorbent: Equilibrium, kinetics and regeneration studies
	Introduction
	Materials and methods
	Adsorbent
	Preparation of Cr(VI) solutions
	Batch experiments
	Measurement of Cr(VI) concentration in aqueous solutions
	Adsorption isotherm models
	Langmuir isotherm
	Freundlich isotherm
	Redlich-Peterson isotherm
	Koble-Corrigan model
	Tempkin isotherm
	Dubinin-Radushkevich (D-R) isotherm
	Generalized isotherm

	Adsorption kinetics
	Pseudo first-order kinetics
	Second-order kinetics
	Elovich kinetic equation

	Desorption study
	Interference studies

	Results and discussion
	Effect of time
	Effect of pH
	Effect of adsorbent amount
	Effect of initial Cr(VI) concentration
	Adsorption isotherm study
	Langmuir isotherm
	Freundlich isotherm
	Redlich-Peterson isotherm
	Koble-Corrigan isotherm
	Tempkin isotherm
	Dubinin-Radushkevich isotherm
	Generalized isotherm equation
	Final remarks on isotherm study

	Adsorption kinetics
	Pseudo first-order kinetics
	Second-order kinetics
	Elovich kinetic equation
	Final remarks on kinetic studies

	Regeneration studies
	Disposal of contaminated solution
	Interference of other ions

	Conclusions
	Acknowledgment
	References


