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bstract

Novel biosorbent ‘maize bran’ has been successfully utilized for the removal of Cr(VI) from aqueous solution. The effect of different parameters
uch as contact time, sorbate concentration, pH of the medium and temperature were investigated and maximum uptake of Cr(VI) was 312.52
mg g−1) at pH 2.0, initial Cr(VI) concentration of 200 mg L−1 and temperature of 40 ◦C. Effect of pH showed that maize bran was not only
emoving Cr(VI) from aqueous solution but also reducing toxic Cr(VI) into less toxic Cr(III). The sorption kinetics was tested with first order
eversible, pseudo-first order and pseudo-second order reaction and it was found that Cr(VI) uptake process followed the pseudo-second order

ate expression. Mass transfer of Cr(VI) from bulk to the solid phase (maize bran) was studied at different temperatures. Different thermodynamic
arameters, viz., �G◦, �H◦ and �S◦ have also been evaluated and it has been found that the sorption was feasible, spontaneous and endothermic
n nature. The Langmuir and Freundlich equations for describing sorption equilibrium were applied and it was found that the process was well
escribed by Langmuir isotherm. Desorption studies was also carried out and found that complete desorption of Cr(VI) took place at pH of 9.5.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The presence of metal ions in natural or industrial wastewater
nd their potential impact has been a subject of research in envi-
onmental science for a long time. Metal ions such as cadmium,
hromium, copper, lead, zinc and iron are commonly detected
n both natural and industrial effluents and therefore priority
s given to regulate these pollutants at the discharge level. To

inimize this problem, biosorption can be a part of the solution.
iosorption of heavy metals by bacterial fungal or algal biomass

live or dead cells) and agricultural waste biomass has been rec-
gnized as a potential alternative to existing technologies such
s by precipitation, ion exchange, solvent extraction and liquid
embrane for removal of heavy metals from industrial wastew-
ter because these processes have technical and/or economical
onstraints [1–5].
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The literature survey reveals two distinct approaches to the
se of biosorbents, either of living microorganisms or non-viable
dead) biomass of microorganism and agricultural waste [6].
here are significant practical limitations to the method, which
mploy living microorganism systems. Perhaps the most sig-
ificant limitation is that microbial growth is inhibited when
he concentrations of metal ions are too high or when significant
mount of metal ions are adsorbed by microorganisms. Thus, for
etal removal applications, the use of dead biomass or agricul-

ural waste may be preferable as large quantities are readily and
heaply available as a byproduct of various industries [7–12].
e therefore have chosen agricultural waste maize bran for the

emoval of chromium(VI) from wastewater, because maize bran
s easily available, economically viable and biodegradable.

. Theory
.1. Sorption isotherm

Different isotherm models have been utilized for describ-
ng sorption equilibrium for wastewater treatment. Langmuir

mailto:hasanitbhu@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2007.07.006
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Nomenclature

b Langmuir constant related to the free sorption
energy

Ce equilibrium concentration of solute in bulk solu-
tion (mg L−1)

CA concentration of solute in the solution at any time
(mg L−1)

CB concentration of solute on the sorbent at any time
(mg g−1)

CAe equilibrium concentration of solute on the sorbent
(mg L−1)

CA0 initial concentration of solute in the solution
(mg L−1)

CB0 initial concentration of solute on the sorbent
(mg g−1)

dp diameter of the adsorbent particles (cm)
D̄ pore diffusion coefficient (cm s−1)
�G◦ Gibb’s free energy change (K cal mol−1)
h initial sorption rate of pseudo-second order sorp-

tion (mg g−1 min−1)
�H◦ enthalpy change (K cal mol−1)
kid rate constant of intraparticle pore diffusion

(mg g−1 min−1/2)
ks equilibrium rate constant of pseudo-first order

sorption (min−1)
k′′ overall rate constant of first order reversible reac-

tion
k′

2 equilibrium rate constant of pseudo-second order
sorption (g mg−1 min−1)

Kc equilibrium constant
KF Freundlich constant indicative of the relative sorp-

tion capacity of the sorbent (mg g−1)
m mass of the adsorbent per unit volume (g L−1)
n Freundlich constant indicative of the intensity of

sorption
qe amount of solute sorbed per unit weight of sorbent

at equilibrium (mg g−1)
qt amount of solute sorbed per unit weight of sorbent

at any time (mg g−1)
Q0 Langmuir constant related to the monolayer sorp-

tion capacity of (mg g−1)
r average radius of the sorbent particle (cm)
R universal gas constant (cal K−1 mol−1)
RL equilibrium parameter
�S◦ entropy change (cal mol−1 K−1)
Ss outer specific surface of the sorbent particle per

unit volume of particle free slurry (cm−1)
t time (min)
t1/2 time for half of the sorption
T absolute temperature (K)
U(t) fractional attainment of equilibrium
V the volume of particle-free slurry solution (l)
W is the weight of the sorbent (g)

Greek letters
β1 mass transfer coefficient (cm s−1)
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δρ density of the sorbent particles (g cm )
εp are the porosity of the adsorbent particles

nd Freundlich equations are being used for present work. The
angmuir sorption isotherm describes the surface as homoge-
eous assuming that all the sorption sites have equal sorbate
ffinity and that adsorption at one site does not affect sorption at
n adjacent site [13]. The linear form of the Langmuir isotherms
ay be represented as:

Ce

qe
= 1

Q0b
+ Ce

Q0 (1)

he values of Q0 and b can be calculated from the slope and
ntercept of the plot Ce/qe versus Ce.

The Freundlich sorption isotherm (an empirical equation)
owever, describes the equilibrium on heterogeneous surfaces
nd does not assume monolayer capacity. The linear form of
reundlich sorption isotherm can be represented as [13]:

og qe = log KF + 1/n log Ce (2)

here n and KF are the Freundlich isotherm constants. The val-
es of n and KF can be calculated from the slope and intercept
f the plot log qe verses log Ce.

.2. Thermodynamic parameters

Thermodynamic parameters such as free energy (�G◦),
nthalpy (�H◦) and entropy (�S◦) change of adsorption can
e evaluated from the following equations [14,15]:

c = CAe

Ce
(3)

here Kc is the equilibrium constant and CAe and Ce (both in
g L−1) are the equilibrium concentrations for solute on the

orbent and in the solution, respectively. The Kc values are used
n Eqs. (4) and (5) to determine the �G◦, �H◦ and �S◦:

G◦ = −RT ln Kc (4)

he Kc may be expressed in terms of the �H◦ (K cal mol−1) and
S◦ (cal mol−1 K−1) as a function of temperature:

n Kc = −�H◦

RT
+ �S◦

R
(5)

he values of �H◦ and �S◦ can be calculated from the slope
nd intercept of a plot of ln Kc versus 1/T.

.3. Sorption kinetics
The chemical kinetics describes reaction pathways, along
imes to reach the equilibrium. Sorption kinetics shows large
ependence on the physical and/or chemical characteristics of
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3.2. Reagents

All the primary chemical used were of analytical grade:
potassium dichromate, hydrochloric acid, sodium hydroxide,

Table 1
Physical and chemical properties of biosorbent maize bran

Surface area (m2 g−1) 437.00
Bulk density (g cm−3) 0.2432
Particle size (�m) <178
Porosity 0.39

Proximate analysis (%)
58 S.H. Hasan et al. / Journal of Haz

he sorbent material, which also influence the sorption mecha-
ism. In order to investigate the mechanism of sorption, three
ifferent models have been used at different experimental con-
itions for sorption processes.

.3.1. First order reversible model
The sorption of chromium from liquid phase to solid may

e considered as a reversible reaction with an equilibrium state
eing established between two phases. A simple first-order reac-
ion model was, therefore, used to correlate the rates of reaction,
hich can be expressed as [16]:

n[1 − U(t)] = −k′′t (6)

here k′′ is the overall rate constant and calculate by following
quation:

′′ = k1

(
1 + 1

Kc

)
= k1 + k2 (7)

and k1, k2, and Kc can be obtained from

c = k1

k2
= CAe

Ce
(8)

(t) = X

Xe
(9)

here U(t) is called the fractional attainment of equilibrium.
herefore, a plot of −ln(1 − U(t)) versus time (min) will give a
traight line. Constants k1, k2, k′′ and Kc were calculated using
qs. (7) and (8).

.3.2. Pseudo-first order model
This was the first equation (Lagergreen, 1898) for the sorption

f liquid/solid system based on solid capacity [17]. This model
ay be represented as:

dqt

dt
= ks(qe − qt) (10)

q. (10) can be integrated for the following boundary conditions
o obtain Eq. (11):

t = 0, qt = 0; t = t, qt = qt ;

log(qe − qt) = log(qe)
ks

2.303
t (11)

here qt is the amount of solute on the surface of the adsorbent
t time ‘t’ and ks is the equilibrium rate constant of pseudo-first
rder adsorption. ks is calculated from the slope of log(qe − qt)
gainst time (min) plots.

.3.3. Pseudo-second order model
This model is expressed as [18]:
dq

dt
= k′

2(qe − qt)
2 (12)

fter integrating Eq. (12) for the following boundary con-
itions and rearranging it to obtain the linearized form is
s Materials 152 (2008) 356–365

hown below:

t = 0, qt = 0; t = t, qt = qt ;

t

qt

= 1

k′
2q

2
e

+ 1

qe
t (13)

= k′
2q

2
e (14)

here k′
2 is the equilibrium rate constant and h is the initial sorp-

ion rate. The equation constants can be determined by plotting
/qt against t.

. Materials and methods

.1. Physico-chemical analysis of the biosorbent

Maize bran is a byproduct of a flour milling plant. It
as collected from M/s Shivangi Industries (flourmill), Chu-
ar, Mirzapur (UP) and was used in experiments with double
ashing with double distilled water to remove soluble lighter
aterials and drying at 60 ◦C in an oven and crushing and siev-

ng to less than 178 �m. The surface area of the maize bran
as determined by a three point N2 gas adsorption method
sing a Quantasorb Surface Area Analyzer (model Q5-7, Quanta
hrome Corporation, USA). The bulk density of the biosorbent
as determined by densitometer. Porosity of the biosorbent was
etermined by porositometer (model H: M7V, NGRI, Hyder-
bad, INDIA). X-ray diffraction of the adsorbent was obtained
sing X-ray Diffractometer (model-ID-3000W, Rich Siefert
nd Company, Ahrensburg, Germany). Infrared spectra of the
iosorbent were recorded using Infra Red Spectrophotometer
model FT/IR-5300, JASCO Corporation, Japan) in the range
000–400 cm−1. Percentage of volatile matter, ash and moisture
ere determined as given in the “Vogel’s Textbook of Quantita-

ive Chemical Analysis”, 5th Edition, Bath Press, Ltd., U.K.
Various physicochemical properties of maize bran thus

btained are given in Table 1. X-ray diffraction and IR stud-
es (values given in Table 2) of maize bran show that apart from
arious organic functional groups maize bran also contains metal
xides and carbon.
Volatile matter 42.34
Moisture 7.97
Fixed carbon 31.28
Ash (oxides of Al, Mn, Si, Fe and others) 18.41
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Table 2
IR bands of maize bran along with their possible assignment

Band position (cm−1) Assignment

3410 vw –OH str.
2950 w –C C–H str.
1746 w –C O str.
1556–1518 s Aromatic ring
1487 w >N–H str.
945 vw Fe–O
841 m Mn–O
773 m –C–H str.
746 m Al–O
682, 550 vw Si–O stretch
493 m Fe–O
4
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50 s Si–O bond

,5-diphenylcarbazide, potassium permanganate, etc. were pur-
hased from E Merck, India, Ltd., Mumbai, India.

The stock solution containing 1000 ppm of Cr(VI) was
repared by dissolving 1.4143 g of K2Cr2O7 in 500 mL of deion-
zed, double distilled water. Required initial concentration of
r(VI) standard were prepared by appropriate dilution of the
bove stock Cr(VI) standard solution.

.3. Batch sorption experiment

Using the different amount of biosorbent in a 250 mL stopper
onical flask containing 50 mL of test solution, batch sorp-
ion studies were carried out at desired pH value, contact time,
emperature and sorbate concentration. Different initial concen-
ration of Cr(VI) solution was prepared by proper dilution from
tock 1000 ppm Cr(VI) standard, pH of the solution was moni-
ored by adding 0.1 M HCl and 0.1 M NaOH solution as required.
ecessary amount of biosorbent was then added and content in

he flask were shaken for the desired contact time in an elec-
rically thermostated reciprocating shaker at 125 rpm. The time
equired for reaching equilibrium condition estimated by draw-
ng samples at regular interval of time till the equilibrium was
eached. The content of flask separated from biosorbent by cen-
rifuge at 15,000 rpm and was analyzed for remaining Cr(VI)
oncentration in the sample. The amount of Cr(VI) sorbed per
nit mass of the biosorbent was evaluated by using following
quations:

max = (Ci − Ce) × V

W
(15)

he percentage removal of Cr(VI) was calculated as follows:

age removal of Cr(VI) = Ci − Ce

Ci

× 100 (16)
.3.1. Effect of pH
Sorption experiments for the effect of pH were conducted

y using 50 mL solution having 200 mg L−1 Cr(VI) with 1 g of
aize bran at 40 ◦C and the pH of the solution was adjusted from

.4 to 8.0 by adding 0.1 M HCl and 0.1 M NaOH.

I
i
i
p
c
i
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.3.2. Effect of initial metal ion concentration and contact
ime

Effect of variation of initial metal ion concentration and
ontact time was studied using 50 mL Cr(VI) solution of con-
entration 200, 250 and 300 mg L−1 and contact time 5–180 min
ith an interval of 10 min, respectively at pH 2.0 and 1 g of
iosorbent in 50 mL of aqueous solution.

.3.3. Effect of temperature
The effect of temperature on the sorption of Cr(VI) was inves-

igated at different temperature 20, 30 and 40 ◦C at pH 2.0 and
g of biosorbent into 250 mL of conical flask containing 50 mL
f 200 mg L−1 of Cr(VI) solution.

.4. Desorption

Desorption experiments were carried out using double dis-
illed water and aqueous solution of different known pH
olutions such as 2.5, 3.5, 4.5, 6.5 and 9.5 as eluant. For all
he desorption experiments chromium loaded maize bran was
haken with 50 mL of eluant solution. Desorption efficiency was
alculated by using following equation:

esorption efficiency = amount of Cr(VI) desorbed

amount of Cr(VI) sorbed
× 100

(17)

.5. Chromium analysis

.5.1. Chromium(VI) analysis
The pink colored complex was formed when 1,5-

iphenylcarbazide was added into Cr(VI) in acidic solution and
oncentration was determined spectrophotometrically at 540 nm
y Spectronic 20 (Bausch and Lomb, USA) [19].

.5.2. Chromium(III) analysis
For the determination of Cr(III) concentration, Cr(III)

formed due to the reduction of Cr(VI) into Cr(III) during the
orption process) was again converted to Cr(VI) by the addi-
ion of excess potassium permanganate at high temperature
130–140 ◦C) thereafter the 1,5-diphenycarbazide was added.
he pink colored complex formed gives the concentration of
r(VI) and Cr(III) which is total chromium. The Cr(III) con-
entration was then calculated by the difference of the total
hromium and Cr(VI) concentrations measured above [19].

. Results and discussion

.1. Effect of pH

Experiments were performed at 40 ◦C temperature and ini-
ial concentration of 200 mg L−1 by varying pH from 1.4 to 8.5.
t was observed that initial uptake of Cr(VI) increased with an
ncrease of pH from 1.4 to 2.0 thereafter uptake started decreas-

ng with the increase of pH from 2.0 to 8.5 (Fig. 1). The optimum
H for the maximum uptake of Cr(VI) was found at 2.0. This
ould be explained that since Cr(VI) exists in the form of oxyan-
ons such as HCrO4

−, Cr2O7
2−, CrO4

2−, etc. in acidic medium
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ig. 1. Effect of pH on the adsorption by maize bran. Conditions pH 1.4–8.5; ini-
ial Cr(VI) concentration 200 mg L−1; temperature 40 ◦C; particle size <178 �m.

nd the lowering of pH caused the surface of the biosorbent to be
rotonated to a higher extent and as a result a strong attraction
xists between these oxyanions of Cr(VI) and positively charged
urface of the biosorbent. Hence, the uptake increases with the
ecrease in the pH of the solution. Whereas at high pH biosor-
ent surface will be negatively charged and in addition to this
here will be abundance of negatively charged hydroxyl ions
n aqueous solution both these factors cause hindrance in the
iosorption of negatively charge Cr2O7

2−, CrO4
2−, etc. result-

ng in the decrease uptake of Cr(VI) at high pH value. Another
hange which was also observed at low pH (2.0) that the color of
he surface of biosorbent turn greenish during sorption. This was
ertainly due to the sorption of Cr(III) (greenish) a reduced form
f chromium on the surface of sorbent. Thus during sorption of
r(VI) on the surface maize bran there was sorption of Cr(VI)
s well as Cr(III). Reduction of Cr(VI) into Cr(III) is also clear
rom the aqueous chemistry of Cr(VI) at low pH value:

r2O7
2− + 6e− + 14H+ ↔ 2Cr3+ + 7H2O, E◦ = 1.33 V

here, Cr2O7
2− act as an oxidant and it will oxidize the surface

f the biosorbent and get reduced itself from Cr(VI) to Cr(III).
Another proof which is also supporting to the fact, that during

he sorption of Cr(VI) there was sorption of Cr(VI) as well as
r(III) on the surface of the biosorbent, was when equilibrium
oncentration (Ce) of Cr(VI) was analyzed. For this purpose
upernatant after sorption was divided into two parts, in one
ample Cr(VI) concentration (Ce) was measured by the pre-
cribed method. Whereas another sample of Cr(VI) solution was
eated upto 130–140 ◦C with KMnO4 solution and then Cr(VI)
oncentration was analyzed. It was found that in second case
oncentration of Cr(VI) (Ce) was higher in comparison to the

revious one. This can be explained that since KMnO4 is a very
owerful oxidant so it oxidized Cr(III) present in solution which
as form at the surface of maize bran during the sorption pro-

ess at low pH. Thus it can be concluded that during sorption

o
w
i
s

ig. 2. Effect of contact time and initial metal ion concentration on adsorption.
onditions pH 2.0; temperature 40 ◦C; particle size <178 �m; initial Cr(VI)
oncentration (�) 200 mg L−1, (�) 250 mg L−1, (�) 300 mg L−1.

rocess at low pH there was not only the sorption of Cr(VI) but
lso reduction of Cr(VI) into a less toxic Cr(III) and sorption
f Cr(III) also. Similar observations have also been reported by
ther workers [8,20,21].

.2. Effect of contact time and concentration

A series of experiments were performed at different initial
orbate concentration, viz., 200, 250 and 300 mg L−1 and time
nterval of 10 min upto 3 h at a temperature of 40 ◦C and pH
.0. The uptake (mg g−1) of Cr(VI) was found 9.88, 11.912 and
3.56, respectively (Fig. 2). The extent of sorption increased
apidly in the initial stages but became slow in the later stages
ill the attainment of equilibrium. Equilibrium time for the sorp-
ion of Cr(VI) on maize bran at various sorbate concentrations
as found to be 110 min, which showed that equilibrium time
as independent of initial sorbate concentration. The curves

re single smooth and continuous suggesting the formation of
onolayer of sorbate on the surface of the sorbent.

.3. Effect of temperature

Experiments were performed at different temperatures 20, 30
nd 40 ◦C at a concentration of 200 mg L−1 and pH of 2.0. The
ptake (mg g−1) increased from 9.0, 9.49 to 10.0 with the rise
n temperature from 20 to 40 ◦C (Fig. 3). Equilibrium time for
0, 30 and 40 ◦C was found to be 110 min indicating that the
quilibrium time was independent of temperature. The above
esults also showed that the sorption was endothermic in nature.
ince sorbent is porous in nature and possibilities of diffusion

f sorbate cannot be ruled out therefore, increase in the sorption
ith the rise of temperature may be diffusion controlled which

s endothermic process, i.e. the rise of temperatures favors the
orbate transport with in the pores of sorbent [21]. The increased
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Table 3
Thermodynamic parameters for sorption of Cr(VI) on maize bran at different
temperature

Temperature
(◦C)

−�G◦(K cal mol−1) �H◦
(K cal mol−1)

−�S◦
(cal mol−1 K−1)

20 1.26
3
4

i
t
s

4

i
i
for Langmuir isotherm than the Freundlich isotherm; that means
Langmuir equation represented the adsorption process very well.
Value of Q0, which is defined as the maximum capacity of sor-
bent, was calculated from the Langmuir plots. The maximum
ig. 3. Effect of temperature on the sorption by maize bran. Conditions initial
r(VI) concentration 200 mg L−1; pH 2.0 temperature 20 ◦C (�), 30 ◦C (�) and
0 ◦C (�); particle size <178 �m.

orption with the rise of temperature is also due to the increase in
he number of the sorption sites generated because of breaking
f some internal bonds near the edge of active surface sites of
orbent [22,23].

.4. Thermodynamic evaluation of the process

Thermodynamic parameters such as free energy of sorption
�G◦), the heat of sorption (�H◦) and standard entropy (�S◦)
hanges during the sorption process were calculated using Eqs.
3)–(5) on a temperature range of 20–40 ◦C at 200 mg L−1.
�H◦) and (�S◦) were obtained from the slope and intercept of a
lot of ln Kc against 1/T (Fig. 4). The values of these parameters

re recorded in Table 3. The negative values of �G◦ indicate
he spontaneous nature of the process and more negative value
ith increase of temperature shows that an increase in temper-

ture favors the sorption process. The positive values of �H◦

ig. 4. A plot of ln Kc against 1/T for Cr(VI) sorption by maize bran at
00 mg L−1.

F
d
a
u
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c

0 1.76 22.23 79.62
0 2.74

ndicate that the sorption process was endothermic in nature and
he negative values of �S◦ suggest the probability of a favorable
orption.

.5. Sorption isotherms

The isotherm constants were calculated from the slope and
ntercept of Fig. 5a (Langmuir isotherm) and Fig. 5b (Freundlich
sotherm) and presented in Table 4. The value of r2 was higher
ig. 5. (a) Langmuir isotherm plot for Cr(VI) removal using maize bran. Con-
itions: particle size: <178 �m, pH: 2.0; temperature: 20 ◦C (�), 30 ◦C (©)
nd 40 ◦C (�) and concentrations: 200, 225, 250, 275 and 300 mg L−1. (b) Fre-
ndlich isotherm plot for Cr(VI) removal using maize bran. Conditions: particle
ize: <178 �m, pH: 2.0; temperature: 20 ◦C (�), 30 ◦C (©) and 40 ◦C (�) and
oncentrations: 200, 225, 250, 275 and 300 mg L−1.
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Table 4
Values of Langmuir and Freundlich sorption constants and RL values for sorption of Cr(VI) on maize bran at different temperatures

Temperature (◦C) Langmuir constants Freundlich constants

Q0 (mg g−1) b (L mg−1) RL r2 n KF r2

20 285.71 0.614 8.078 × 10−3 0.998 3.200 0.267 0.854
3 2.976 × 10−2 0.992 4.470 0.313 0.891
4 7.042 × 10−2 0.992 7.818 0.351 0.864
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Table 6
Comparison of sorption capacities of the maize bran for the removal of Cr(VI)
with those of other biosorbents

Sl. no.Biosorbent Sorption capacities (mg g−1)

1 Maize bran 312.52
2 Sphagnum moss peat 119.0
3 Coconut husk fibre 29.0
4 Sugar cane bagasse 13.4
5 Wood activated carbon 87.6
6 Chitosan-cross linked and non-cross linked 78.5
7 Saw dust 15.82
8 Pine needles almond 21.50
9 Cactus 7.08

s
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r

4

T
A

P

C
2
2
3

T

0 294.13 0.163
0 312.52 0.066

apacity of maize bran for Cr(VI) was calculated in the range of
85.71–312.52 mg g−1 at different temperatures that indicated
he good sorbing capacity of the maize bran.

The equilibrium parameter RL, which is defined as
L = 1/(1 + bCA0) in the range 0 < RL < 1 reflects the favorable
dsorption process [24]. In the present investigation the equilib-
ium parameter was found to be in the range 0 < RL < 1 which is
hown in Table 5. This indicated to the fact that the sorption pro-
ess was very favorable and the adsorbent employed exhibited
good potential [24].

.6. Sorption kinetics

In order to predict the sorption kinetic models of Cr(VI), first-
rder reversible, pseudo-first order and pseudo-second order
inetic models were applied to the data. The effect of the initial
r(VI) concentrations and temperatures were investigated to find

he best kinetic model. The straight-line plots of −ln(1 − U(t))
ersus t (min) were tested to obtain the first-order rate constant
t the different experimental conditions. Approximate linear fits
ere generally observed for all concentrations and temperatures,

ndicating that sorption reaction can be approximated to be of
he first-order reversible kinetics. Correlation coefficients were
ound to be between 0.803 and 0.932 (Table 5), which means
hat there is a good agreement but not a perfect one. For the
seudo-first order adsorption rate constant, the straight-line plots
f log(qe − qt) against time were analyzed. Approximately, lin-
ar fits were observed for all concentrations and temperatures
ndicating that sorption reaction can be approximated to first-

rder kinetics. The smallest correlation coefficient in this case
as 0.868, which is still better than the first-order reversible

eaction model. Constant ks for all situations tested have been
alculated and summarized in Table 5. The equilibrium rate con-

o
o
d

able 5
comparison of first order reversible, pseudo-first order and pseudo-second order ki

arameters First order reversible Ps

Kc k′′ k1 (×10−3) k2 (×10−3) r2

0 (mg L−1) at 40 ◦C
00 7.82 0.084 74.41 9.51 0.9
50 14.95 0.072 67.43 4.65 0.8
00 33.26 0.062 62.24 1.86 0.8

emperature (◦C) at Cr(VII) 200 mg L−1

20 34.71 0.064 61.82 1.78 0.8
30 15.23 0.071 66.21 4.35 0.8
40 7.82 0.084 74.41 9.51 0.9
10 Coniferous leaves 83.3
11 Eucalyptus bark 45.0
12 Neem bark 23.58

tants of pseudo-second order were determined by plotting t/qt

gainst t (min) (Fig. 6a and b). The kinetic constant and cor-
elation coefficients of these models were calculated and given
n Table 6. Good correlation coefficients were observed for all
he concentrations and temperatures indicating that chromium
ptake process can be approximated with the pseudo-second
rder kinetics model. The smallest correlation coefficient in this
ase was 0.995, which is even better than the first-order reaction
odel. Thus the pseudo-second order kinetics was pathway to

each the equilibrium.

.7. Intraparticle diffusion study
During the batch mode of operation, there was a possibility
f transport of sorbate species into the pores of sorbent, which is
ften the rate controlling step. The rate constants of intraparticle
iffusion (kid) at different temperatures were determined using

netic models rate constants obtained at different experimental conditions

eudo-first order Pseudo-second order

ks (×10−2) r2 h qe (cal) r2

32 5.358 0.927 0.509 12.33 0.996
65 4.225 0.903 0.756 13.83 0.998
12 3.354 0.899 1.179 15.22 0.997

03 4.321 0.868 0.385 11.79 0.997
43 4.982 0.901 0.419 12.39 0.995
32 5.358 0.927 0.509 12.72 0.996
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Fig. 6. (a) Pseudo-second order plot for Cr(VI) removal using maize bran at
200 mg L−1 (�), 250 mg L−1 (©) and 300 mg L−1 (�). Conditions: temper-
ature: 30 ◦C; particle size <178 �m, pH: 2.0 and agitation rate 125 rpm. (b)
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A0
seudo-second order plot for Cr(VI) removal using maize bran at 20 ◦C (�),
0 ◦C (©) and 40 ◦C (�). Conditions: concentration: 200 mg L−1; particle size:
178 �m, pH: 2.0 and agitation rate 125 rpm.

he following equation [25]:

= kidt
1/2 (18)

here q is the amount sorbed at time t and t1/2 is the square root
f the time. The values of kid (9.342 × 10−3, 1.316 × 10−2 and
.524 × 10−2 mg g−1 min−1/2) at temperatures 20, 30 and 40 ◦C,
espectively, were calculated from the slopes of respective plot (q
ersus t1/2—Fig. 7) at later stages. The dual nature of the curves
as obtained due to the varying extent of sorption in the initial

nd final stages of the experiment. This can be attributed to the
act that in the initial stages, sorption was due to boundary layer
iffusion effect whereas, in the later stages (linear portion of the
urve) was due to the intraparticle diffusion effects. However,
hese plots indicated that the intraparticle diffusion was not the
nly rate controlling step because it did not pass through the
rigin. This was further supported by calculating the intraparticle

iffusion coefficient (D̄) using the following equation [26]:

¯ = 0.03r2

t1/2
(19) w

s

ig. 7. Intraparticle diffusion plot for adsorption of Cr(VI) on maize bran at
0 ◦C (�), 30 ◦C (©) and 40 ◦C (�). Conditions: concentration: 200 mg L−1;
H: 2.0; particle size: <178 �m and agitation rate: 125 rpm.

here r (cm) is the average radius of the sorbent particle and
1/2 (min) is the time for half of the sorption. According to
he Michelson [26] a D̄ value of the order of 10−11 cm2 s−1 is
ndicative of intraparticle diffusion as rate determining step. In
his investigation, the values of D̄ (5.814 × 10−9, 7.452 × 10−9

nd 8.435 × 10−9 cm2 s−1 at 20, 30 and 40 ◦C, respectively)
btained was in order of 10−9 cm2 s−1 which was more than
wo order of magnitude higher, indicated that the intraparticle
iffusion was not the only rate controlling step. It was concluded
hat both boundary layer and intraparticle diffusion might be
nvolved in this removal process.

.8. Mass transfer study

The uptake of pollutant species from liquid phase (sorbate)
o solid surface (sorbent) is carried out by transfer of mass from
he former to the latter. A number of steps can be considered
articipating in the process and out of various models tried for
he present studies, overall sorption process is assumed to occur
sing a three-step McKay et al. model [27]:

. Mass transfer of sorbate from the aqueous phase on to the
solid surface.

. Sorption of solute on to the surface sites.

. Internal diffusion of solute via either a pore diffusion model
or homogeneous solid phase diffusion model.

During the present investigation, step (2) has been assumed
apid enough with respect to the other steps and therefore it is
ot rate limiting in any kinetic study. Taking in to account these
robable steps, McKay et al. model [27] has been used for the
resent investigation:

n

(
CA

C
− 1

1 + mK

)
=ln

(
mK

1 + mK

)
−

(
1 + mK

mK

)
β1Sst
(20)

here m is the mass of the biosorbent per unit volume, K the con-
tant obtained by multiplying Q0 and b (Langmuir’s constants),
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ig. 8. Mass transfer plot for the adsorption of Cr(VI) on maize bran at 20 ◦C
�), 30 ◦C (©) and 40 ◦C (�). Conditions: concentration: 200 mg L−1; particle
ize: <178 �m, pH: 2.0 and agitation rate: 125 rpm.

1 the mass transfer coefficient, and Ss is the outer specific
urface of the biosorbent particles per unit volume of particle-
ree slurry. The values of m and Ss were calculated using the
ollowing relations:

= W

V
(21)

s = 6m

dpδρ(1 − εp)
(22)

here W is the weight of the adsorbent, V the volume of particle-
ree slurry solution, and dp, δρ and εp are the diameter, density
nd porosity of the adsorbent particles, respectively.

The values of β1 (6.832 × 10−5, 6.422 × 10−5 and
.842 × 10−5 cm s−1) calculated from the slopes and intercepts
f the plots (Fig. 8) of ln(Ct/C0 − 1/1 + mK) versus t (min) at dif-
erent temperatures (20, 30 and 40 ◦C). The values of β1 obtained
how that the rate of transfer of mass from bulk solution to the
iosorbent surface was rapid enough so it cannot be rate con-
rolling step [28]. It can also be mentioned that the deviation of
ome of the points from the linearity of the plots indicated the
arying extent of mass transfer at the initial and final stages of
he sorption.

. Desorption studies

Desorption results (Fig. 9) indicated that 21.2, 44.0, 58.1,
4.2 and 100% of Cr(VI) were removed from the surface of
he biosorbent containing 9.88 mg g−1 of Cr(VI) at pH of 2.5,
.5, 4.5, 6.5 and 9.5, respectively and temperature of 20 ◦C.
he rate of sorption was thus highly pH dependent. The weakly
onded adsorbate ions were removed at acidic or neutral pH,
hile they were completely desorbs in alkaline solution owing

o the formation of soluble sodium chromate.
.1. Infrared studies

The characteristics IR band of dichromate ion at 750 and
60 cm−1 were shifted to 790 and 900 cm−1 after the biosorption
Fig. 9. Effect of pH on the desorption of Cr(VI) from maize bran.

f Cr(VI) on the adsorbent. It showed the binding of surface sites
ith the sorbate ions [29]. The disappearance of above bands

fter desorption at pH 9.5 supported the desorption result for
omplete Cr(VI) detachment from the biosorbent surface.

. Conclusion

Maize bran has been found to be a economically viable and
otential biosorbent for the removal of Cr(VI) (Table 6). Sorp-
ion of Cr(VI) was found to be effective in the lower pH range
nd at higher temperature. Effect of pH showed that maize bran
as not only removing Cr(VI) from aqueous solution but also

educing toxic Cr(VI) into less toxic Cr(III). Thermodynamic
tudies confirmed that the process was favorable, spontaneous
nd endothermic. The fitness of the sorption data into Lang-
uir isotherm confirmed the monolayer adsorption. The best

orrelation coefficient was obtained using the pseudo-second
rder kinetic model indicated that chromium removal process
ollowed the pseudo-second order rate expression. Mass trans-
er studies confirmed that the rate of mass transfer from sorbate
o adsorbent was rapid enough. Desorption studies was also car-
ied out and found that complete desorption of Cr(VI) took place
t pH of 9.5. The data thus obtained would be useful in design-
ng and fabricating an efficient treatment plant for Cr(VI) rich
ffluents.

cknowledgements

The authors are thankful to Institute of Technology, Banaras
indu University and All India Council of Technical Education

AICTE) for providing facilities.

eferences

[1] B. Volesky, Z.R. Holan, Biosorption of heavy metals, Biotechnol. Prog. 11
(1995) 235–250.

[2] B. Volesky, Detoxification of metal-bearing effluents: biosorption for the

next century, Hydrometallurgy 59 (2001) 203–216.

[3] R.H.S.F. Viera, B. Volesky, Biosorption: a solution to pollution? Int. Micro-
biol. 3 (2000) 17–24.

[4] N. Ahalya, T.V. Ramachandra, R.D. Kanamadi, Biosorption of heavy met-
als review paper, Res. J. Chem. Environ. 7 (2003) 71–79.



ardou

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

S.H. Hasan et al. / Journal of Haz

[5] K.K. Singh, M. Talat, S.H. Hasan, Removal of lead from aqueous solu-
tions by agricultural waste maize bran, Bioresource Technol. 97 (2006)
2124–2130.

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

[7] H. Seki, A. Suzuki, H. Maruyama, Biosorption of chromium(VI) and
arsenic(V) onto methylated yeast biomass, J. Colloid Interface Sci. 281
(2005) 261–266.

[8] D. Park, Y.S. Yun, J.M. Park, Use of dead fungal biomass for the detoxifi-
cation of hexavalent chromium: screening and kinetics, Process Biochem.
40 (2005) 2559–2565.

[9] U. Kumar, Agricultural products and by-products as a low cost adsorbent
for heavy metal removal from water and wastewater: a review, Sci. Res.
Essay 1 (2006) 033–037.

10] Z. Reddad, C. Gerente, Y. Andres, P.L. Cloirec, Adsorption of several metal
ions onto a low-cost biosorbent: kinetic and equilibrium studies, Environ.
Sci. Technol. 36 (2002) 2067–2073.

11] B.R. Sudha, T.E. Abraham, Biosorption of Cr(VI) from aqueous solution
by Rhizopus nigricans, Bioresource Technol. 79 (2001) 73–81.

12] T.G. Chuah, A. Jumasiah, I. Azni, S. Katayon, S.Y.T. Choong, Rice husk
as a potentially low-cost biosorbent for heavy metal and dye removal: an
overview, Desalination 175 (2005) 305–316.

13] K.K. Singh, R. Rastogi, S.H. Hasan, Removal of cadmium from wastewater
using agricultural waste ‘rice polish’, J. Hazard. Mater. A121 (2005) 51–58.

14] Y.S. Ho, Removal of copper ions from aqueous solution by tree fern, Water
Res. 37 (2003) 2323–2330.

15] K.K. Singh, A.K. Singh, S.H. Hasan, Low cost biosorbent wheat bran for

the removal of cadmium from wastewater: kinetic and equilibrium studies,
Bioresource Technol. 97 (2006) 994–1001.

16] 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.

[

[

s Materials 152 (2008) 356–365 365

17] 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.

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

19] D. Park, Y.S. Yun, J.M. Park, Reduction of hexavalent chromium with
the brown seaweed Ecklonia biomass, Environ. Sci. Technol. 38 (2004)
4860–4864.

20] N. Daneshvar, D. Salari, S. Aber, Chromium adsorption and Cr(VI) reduc-
tion to trivalent chromium in aqueous solutions by soya cake, J. Hazard.
Mater. B94 (2002) 49–61.

21] E.I. El-Shafey, Behaviour of reduction-sorption of chromium(VI) from an
aqueous solution on a modified sorbent from Rice Husk, Water air and soil
pollution 163 (2005) 81–102.

22] K.K. Singh, D.C. Rupainwar, S.H. Hasan, Low cost biosorbent ‘Maize
Bran’ for the removal of cadmium[II] from wastewater, J. Ind. Chem. Soc.
82 (2005) 392–396.

23] K.K. Singh, S.H. Hasan, Removal of copper from wastewater using Rice
Polish (Rice Bran), J. Ind. Chem. Soc. 82 (2005) 374–375.

24] A.K. Bhattacharya, S.N. Mandal, S.K. Das, Adsorption of Zn(II) from
aqueous solution by using different adsorbents, Chem. Eng. J. 123 (2006)
43–51.

25] W.J. Weber, J.C. Morris, J. San. Eng. Div. Proc. Anal. Soc. Civil Eng. 89
(1963) SA2–SA31.

26] L.D. Michelson, P.G. Gideon, E.G. Pace, L. Kutsal, US Dept. Industry,
Office of the Water Research and Technology, Bull. No. 1975, p. 74.

27] G. McKay, M.S. Otterburn, A.G. Sweeny, Surface mass transfer process
during colour removal from effluents using silica, Water Res. 15 (1981)

321–331.

28] G.S. Gupta, G. Prasad, V.N. Singh, Removal of colour from wastewater by
sorption for water reuse, J. Environ. Sci. Health A23 (1988) 205–218.

29] M.L. Hair, Infra red Spectroscopy in Surface Chemistry, Marcel Dekker,
New York, 1967, p. 49.


	Removal of Cr(VI) from aqueous solutions using agricultural waste 'maize bran'
	Introduction
	Theory
	Sorption isotherm
	Thermodynamic parameters
	Sorption kinetics
	First order reversible model
	Pseudo-first order model
	Pseudo-second order model


	Materials and methods
	Physico-chemical analysis of the biosorbent
	Reagents
	Batch sorption experiment
	Effect of pH
	Effect of initial metal ion concentration and contact time
	Effect of temperature

	Desorption
	Chromium analysis
	Chromium(VI) analysis
	Chromium(III) analysis


	Results and discussion
	Effect of pH
	Effect of contact time and concentration
	Effect of temperature
	Thermodynamic evaluation of the process
	Sorption isotherms
	Sorption kinetics
	Intraparticle diffusion study
	Mass transfer study

	Desorption studies
	Infrared studies

	Conclusion
	Acknowledgements
	References


