
R
s

J
a

b

a

A
R
R
A
A

K
A
A
B
C
L

1

s
t
h
w
t
6
c
l
a
m
m
o
C
C
c
[
m
m

0
d

Journal of Hazardous Materials 168 (2009) 633–640

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

emoval of Cr(VI) from aqueous solution using Bael fruit (Aegle marmelos correa)
hell as an adsorbent

. Anandkumara, B. Mandalb,∗

Centre for the Environment, Indian Institute of Technology Guwahati, Guwahati 781039, Assam, India
Department of Chemical Engineering, Indian Institute of Technology Guwahati, Guwahati 781039, Assam, India

r t i c l e i n f o

rticle history:
eceived 30 October 2008
eceived in revised form 29 January 2009
ccepted 12 February 2009
vailable online 9 March 2009

eywords:
dsorption

a b s t r a c t

In this study, a new activated carbon prepared from non-usable Bael fruit shell (BS) has been used as an
efficient low cost adsorbent to remove the Cr(VI) toxic metal from aqueous phase. Batch mode experi-
ments have been performed as a function of initial pH of solution, agitation time, adsorbate concentration
and adsorbent dosage. Maximum chromium removal was found at pH 2.0 in an equilibrium time of
240 min by adsorption-coupled reduction. The sorption data fitted satisfactorily with Langmuir as well as
Freundlich adsorption model. Evaluation using Langmuir equation gave the monolayer sorption capac-
ity as 17.27 mg/g. Chromium uptake (adsorption-coupled reduction) by Bael fruit shell activated carbon
(BSAC) was best described by pseudo-second-order chemisorption model. The progressive changes on
egle marmelos correa

ael fruit shell
r(VI) removal
ow cost adsorbent

surface texture and the confirmation of chromium binding on adsorbent surface at different stages were
obtained by the scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and
Fourier transform infrared spectrometer (FT-IR) analysis. Phosphoric acid activation played a significant
role to develop the well defined pores on adsorbent surface. The results obtained in this study illustrate
that the BSAC is expected to be an effective and economically viable adsorbent for Cr(VI) removal from

aqueous system.

. Introduction

Advances in water and wastewater treatment technology need
pur for the development of technologies that may be more effec-
ive and less costly. Nowadays, the contamination of water by toxic
eavy metals through the discharge of industrial wastewater is a
orld wide environmental problem. The term “heavy metal” refers

o the metallic elements having density greater than or equal to
.0 g cm−3 [1]. The most familiar metals are cadmium (8.65 g cm−3),
hromium (7.19 g cm−3), cobalt (8.90 g cm−3), copper (8.95 g cm−3),
ead (11.34 g cm−3), mercury (13.53 g cm−3), nickel (8.91 g cm−3)
nd zinc (7.14 g cm−3). Among these toxic metals chromium has
ajor impact on environment and it has both beneficial and detri-
ental properties. In aqueous phase chromium mostly exists in two

xidation states such as trivalent chromium (i.e., Cr3+, Cr(OH)2+ or
r(OH)2

+, etc.) and hexavalent chromium (i.e., HCrO4
−, CrO4

2− or
r2O7

2−, etc.). Most of the hexavalent compounds are toxic, car-

inogenic, and mutagenic and even it can cause lung cancer also
2,3]. Cr(III) is essential for human nutrition (especially in glucose

etabolism) and it is relatively innocuous and immobile. Cr(VI) ions
ostly exists as H2CrO4 form at high acidic medium (pH ≈1.0). At
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pH 2–6 there is equilibrium between Cr2O7
2− and HCrO4

− species,
if the Cr(VI) concentration is less than 0.02 M, HCrO4

− is predom-
inant form, when Cr(VI) concentration is greater than 0.02 M the
dichromate ion (Cr2O7

2−) is the predominant species and under
alkaline condition (pH >8) it exists as chromate CrO4

2− anion [4].
Chromium and its compounds are widely used in electroplating,
leather tanning, cement, dyeing, metal processing, wood preser-
vatives, paint and pigments, textile and steel fabrication industries.
These industries produce large quantities of toxic metal wastewater
effluents. But the maximum exit Cr(VI) concentration based on US-
EPA guidelines for potable water is 0.05 mg/l and the United Nations
Food and Agricultural Organization recommended maximum level
for irrigation waters is 0.1 mg/l [5].

In general, a wide range of processes have been reported to
eliminate the Cr(VI) from water and wastewater such as chemi-
cal precipitation, electrochemical reduction, sulphide precipitation,
cementation, ion-exchange, reverse osmosis, elecrodialysis, solvent
extraction and evaporation, etc. [6]. The application of such meth-
ods is however cost intensive and is unaffordable for large-scale
treatment of wastewater. Hence, more economical means such as

adsorption for the removal of toxic metals have been sought for.
Therefore, there is a need to search an effective low cost adsorbent
for economical wastewater treatment. In recent years, development
of surface modified activated carbons using plant biomass is gen-
erating a diversity of activated carbon with superior adsorption

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bpmandal@iitg.ernet.in
dx.doi.org/10.1016/j.jhazmat.2009.02.136
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Nomenclature

1/n adsorption intensity (dimensionless)
b Langmuir isotherm constant (l/g)
Ce equilibrium chromium concentration (mg/l)
Cf final residual metal concentration (Cr(VI) and Cr(III))

(mg/l)
Co initial chromium concentration (mg/l)
k′ second order rate constant
K Freundlich isotherm constant (mg/g)
Kad first order rate constant
qe amount of total chromium adsorbed per unit mass

of adsorbent (mg/g)
qe, exp experimental value of amount of chromium

adsorbed per unit mass of adsorbent (mg/g)
qt amount of solute adsorbed at any time (mg/g)
qt, cal calculated value of amount of solute adsorbed at ‘t’

time (mg/g)
Qo adsorption capacity (mg/g)
RL separation factor or equilibrium constant (dimen-

sionless)
t agitation time (min)
v volume of aqueous solution (ml)

c
o
r
s
(
a
v
C
g
g
b
a
c

a
s
l
v
c
s
b
d
f
a
i

2

2

i
1
s
c
c

initial metal concentration (mg/l), Cf and Ce are the final residual
concentrations of chromium (mg/l) after adsorption at time ‘t’ and
w weight of adsorbent (g)

apacity. That are available in large quantities and it can be disposed
f without regeneration due to their lower cost. A variety of natu-
al plant biomass like Terminalia arjuna nuts, Ectodermis of Opuntia,
ugar industrial waste, tamarind hull, tea waste, Azadirachta indica
neem) leaf powder, pomegranate peel, olive bagasse and Acacia
rabica, etc. are used in the previous investigations. Literature sur-
ey reveals that the plant biomass is capable of reducing Cr(VI) to
r(III) due to the active participation of its several anionic functional
roups like hydroxyl, carbonyl, carboxyl, sulfydryl and phosphoryl
roups [6–9]. For the preparation of activated carbon from plant
iomass, many researchers suggested that the optimum temper-
ture required to produce the high quality activated carbon by
hemical activation is 500–700 ◦C [10–12].

In this study, the surface modified Bael fruit shell has been used
s a new low cost adsorbent to remove the Cr(VI) from aqueous
olution. This waste shells are not put to any use and available at
ow prices. It helps to reduce the cost of waste disposal and pro-
ide an alternative sorbent to the existing commercial activated
arbon. The operating parameters that affect the adsorption process
uch as pH, initial Cr(VI) concentration, agitation time and adsor-
ent dosage were investigated. Moreover, this is the first attempt to
evelop an activated carbon from Bael fruit shell biomass. Hence,
urther investigations required to improve its quality and regener-
tion capacity for further possible applications including various
ndustrial effluents.

. Materials and methods

.1. Preparation of synthetic sample

A stock solution of Cr(VI) (1000 mg/l) was prepared by dissolv-
ng appropriate quantity of AR grade K2Cr2O7 (Merck India Ltd.) in
000 ml of Elix water from Millipore® purification unit. The stock

olution was further diluted with deionised water to desired con-
entration for obtaining the test solutions. The initial metal ion
oncentrations ranged from 50 to 125 mg/l were prepared.
rdous Materials 168 (2009) 633–640

2.2. Preparation of adsorbent

Dry BS’s were collected from nearby locality and it was washed
with sufficient amount of tap water to remove water-soluble impu-
rities and surface adhered particles. The washed shells were then
dried at 110 ◦C in a hot air oven, shredded using hammer mill and
sieved in the size range of 600–860 �m. Chemical activation of BS
was done using 88% ortho-phosphoric acid in 1:1 weight ratio (Bael
shell:acid) and dried at 110 ◦C for 2–3 h. The dried material was cal-
cined in a muffle furnace starting from room temperature to 600 ◦C
(time period of 1.5 h) [10,11] and then soaked in 2% NaHCO3 to
remove the residual acid that were left on the adsorbent. Finally,
the adsorbent was dried at 110 ◦C for 2 h and cooled in a dessicator
until further use.

2.3. Batch adsorption experiments

Adsorption experiments were carried out in batch mode
at ambient temperature. In order to investigate the nature of
Cr(VI)–BSAC interaction, initially the effect of pH on percentage
removal was carried out and then further experiments on the effect
of agitation time, initial concentration and adsorption dosage were
conducted by using optimized pH. Only one parameter was changed
at a time while others were maintained constant. In the first set
of experiment, percentage adsorption was studied at various pH
of (1–8) at BSAC of 1 g/100 ml, initial Cr(VI) of 75 mg/l and the
predetermined time (240 min) in a rotary shaker at a speed of
160 rpm using series of clean 250 ml conical flasks. Next second set
of experiments were conducted with various agitation time, var-
ious initial Cr(VI) concentration (from 50 to 125 mg/l) at constant
adsorbent (1 g/100 ml) dose and at optimized pH 2.0. In the third set
of experiment BSAC dose was varied (0.5–2.0 g/100 ml) while other
parameters such as initial Cr(VI) concentration (75 mg/l), optimum
time (240 min) and optimum solution pH kept constant. After com-
pletion of every set of experiments the supernatant was separated
by filtration using Whatman filter paper no. 42 and only 10 ml of
each sample was stored for residual chromium analysis. The pH of
each solution was adjusted using required quantity of 1N HCl (or)
1N NaOH before mixing the adsorbent. Three replicates per sample
were done and the average results are taken for calculation.

2.4. Metal analysis and adsorbent characterisation

Final residual metal (Cr(III) and Cr(VI)) concentration after
adsorption was directly measured by flame atomic absorption spec-
trophotometer (AAS) (Varian spectra, AA 240) with an air–acetylene
flame. To estimate the percentage removal of chromium from aque-
ous solution the following equation was used:

% Adsorption = Co − Cf

Co
× 100 (1)

Metal uptake (qe) at equilibrium time was calculated by mass bal-
ance expression:

w(qe − qo) = v(Co − Ce) (2)

When qo = 0 Eq. (2) becomes equivalent to

qe = (Co − Ce)v
1000w

(3)

where qe (mg/g) is the amount of chromium adsorbed, Co is the
at equilibrium time, respectively, that are directly measured by AAS
at 357.9 nm wavelength without any calculation, v is the volume of
aqueous solution (ml) and w is the adsorbent weight (g).
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reported by Garg et al. [15] for Cr(VI) removal using jatropha oil
cake, sugarcane bagasse and maize corn cob. This may be due to
the fact that the increased Cr(VI) concentrations provide the max-
imum driving force to overcome all the mass transfer resistances
ig. 1. Effect of pH on percentage adsorption of chromium: (Co = 75 mg/l, w = 1 g,
= 100 ml, t = 240 min).

Scanning electron microscopy (SEM) (Leo, 1430 vp, Carl Zeiss,
erman) characterisation was carried out to observe the surface

exture and porosity for three states of BS such as BS without
ctivation, BS after activation and BSAC after adsorption. Energy
ispersive X-ray spectroscopy (EDS) analysis was employed for fur-
her confirmation of chromium adsorption over the surface of the
SAC.

To resolve the functional groups and its wave numbers, spectra
nalysis was done for BSAC before and after chromium adsorp-
ion using Fourier transform infrared spectrometer (FT-IR) (Perkin
lmer, PE-RXI) in the range of 500–4000 cm−1. In this analysis,
nely grounded sorbent was encapsulated with KBr in the ratio
:20 in order to prepare the translucent sample disks.

. Results and discussion

.1. Determination of optimum parameters and adsorption
tudies

Fig. 1 shows the effect of pH on percentage adsorption of
hromium. It was observed from Fig. 1 that the adsorption of Cr(VI)
ecreased with increase in initial pH from 2.0 to 8.0. The maxi-
um removal was occurred at initial pH 2.0 for BSAC. At lower

H the surface area of the adsorbent was more protonated and
ompetitive negative ions adsorption occurred between positive
urface and free chromate ion. Adsorption of Cr(VI) at pH 2.0 shows
he bind of the negatively charged chromium species (HCrO4

−)
ccurred through electrostatic attraction to the positively charged
due to more H+ ions) surface functional groups of the adsorbent
discussed later in Section 3.4.3). But in highly acidic medium (pH
1) H2CrO4 (neutral form) is the predominant species of Cr(VI) as

eported by Agrawal et al. [4]. Hence, at pH 1.0 percentage adsorp-
ion decreased due to the involvement of less number of HCrO4

−

nions on the positive surface. At higher pH due to more OH−

ons adsorbent surface carrying net negative charges, which tend
o repulse the metal anions (CrO4

2−) [13]. However, there is also
ome percentage adsorption at pH >2.0 but the rate of adsorption
s reduced. This might be due to the weakening of electrostatic
orce of attraction between the oppositely charged adsorbate and
dsorbent or physisorption due to weak undirected Van der Waals
orces of attraction [12,14]. When reaction pH increased after 2.0
r(III) adsorption also enhanced due to gradual increasing the neg-

tive charge on adsorbent. But the adsorption-coupled reduction
f Cr(VI) to Cr(III) was less after pH 2.0 due to the less adsorp-
ion of HCrO4

− (discussed later in Section 3.3). At pH ≈8.0 CrO4
2−

s the predominant form it was repulsed by high negative surface
3].
rdous Materials 168 (2009) 633–640 635

Fig. 2a depicts the effect of agitation time on Cr(VI) removal
at various initial (50–125 mg/l) concentrations. The rate adsorp-
tion increased with increase in agitation time before equilibrium
(240 min) is reached for all initial concentration. The amount of
chromium adsorbed rises sharply with increasing the time for first
30 min, indicating that there are plenty of readily accessible sites
available for increasing the rate of adsorption. Eventually, all plots
in Fig. 2a reached their maximum level that indicates the satura-
tion level of adsorbent sites. The concentration of solutions did not
change after 240 min which are called as equilibrium concentra-
tions (Ce). Further increasing the time after equilibrium shows the
rate of adsorption becomes almost constant up to the end of the
experiment.

The effect of initial concentration on percentage adsorption can
also be seen in Fig. 2a. The percentage adsorption decreased from
91.9% to 85.5% as the initial concentration of Cr(VI) is increased
from 50 to 125 mg/l for 1 g/100 ml of adsorbent at equilibrium
contact time of 240 min. Interestingly, it has been seen that the
adsorption capacity of the unit mass of the adsorbent (1 g) found
to be increased from 4.61 to 10.7 mg/g as the Cr(VI) concentra-
tion increased from 50 to 125 mg/l. Similar observation has been
Fig. 2. Effect of agitation time and initial concentration on percentage adsorption
of chromium: (pH 2.0, v = 100 ml, w = 1 g). (b) Effect of adsorbent dose on percent
adsorption of chromium: (pH 2.0, Co = 75 mg/l, v = 100 ml, t = 240 min).
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Table 1
Isotherm constants for adsorption of chromium onto BSAC.

Adsorbent Langmuir constants

Qo (mg/g) b (l/mg) R

BSAC 17.27 0.0848 0

Table 2
Langmuir separation factor (RL).

Initial concentration (mg/l) RL value

50 0.1908
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3.3. Adsorption kinetics

T
A

I

75 0.1359
100 0.1055
125 0.0862

f metal ions from the aqueous phase to solid phase resulting in
igher probability of collision between metal ions and the active
ites [14].

The influence of adsorbent dosage on Cr(VI) sorption was stud-
ed by varying the amount of adsorbent from 0.5 to 2.0 g. Fig. 2b
epicts that the percentage adsorption of chromium increased
rom 79.4% to 94.9% with increase of adsorbent dosage from 0.5
o 2.0 g/100 ml solution. This trend is obvious because as adsorbent
ose increases the number of adsorbent particle also increases, that
akes the greater availability of exchangeable sites for adsorption.

imilar observation has been reported by other investigators on
r(VI) sorption [14,15]. However, unit adsorption capacity of BSAC
as a reverse trend to the percentage adsorption. It was found to
e 11.87 mg/g adsorption capacity at 0.5 g and 3.56 mg/g capacity
t 2.0 g adsorbent dosage in an equilibrium time of 240 min. This
ehaviour is due to adsorption sites remaining unsaturated dur-

ng adsorption reaction and may be due to the overlapping and
ggregation of adsorption sites occurs as a result to overcrowding
f adsorbent particles when dose increased from 0.5 to 2.0 g/100 ml
16,17].

.2. Adsorption isotherm studies

To examine the relationship between adsorbent and adsorbate
t equilibrium and the maximum sorption capacity of adsorbent,
orption isotherm models namely the Langmuir and Freundlich
sotherm are widely used. Both the isotherm model fittings were
nalysed in this study for various initial Cr(VI) concentrations rang-
ng from 50 to 125 mg/l at equilibrium time.

The Langmuir equation was chosen to estimate the maximum
dsorption capacity corresponding to the complete monolayer cov-
rage on homogenous adsorbent surface without any interaction
etween adsorbed ions.

Langmuir equation is commonly represented as

(
QobCe

)

e =

1 + bCe
(4)

Ce

qe
=

(
1

Qob

)
+

(
Ce

Qo

)
(linear form) (5)

able 3
dsorption kinetic constants for chromium adsorption by BSAC.

nitial concentration (mg/l) First-order kinetic model

qe, exp (mg/g) kad (l/min) qe, cal (mg

50 4.595 0.0154 1.3187
75 6.719 0.0154 2.2480

100 8.719 0.0200 3.7282
125 10.682 0.0154 4.3521
Freundlich constants

2 K (mg/g) 1/n R2

.9865 2.110 0.5586 0.9996

where qe is the amount of chromium ions adsorbed per unit mass
of adsorbent (mg/g), Ce is the equilibrium concentration of metal
ions (mg/l), Qo is a measure of adsorption capacity of adsorbent
(mg/g), b is the Langmuir constant which is a measure of energy
of adsorption (l/mg). The experimental data were fitted into Eq.
(5) for linearization by plotting Ce/qe against Ce (figure not given)
and good fit of this equation reflects monolayer adsorption. The
values of Qo and b (Table 1) obtained in this work were 17.27 mg/g
and 0.0848 l/mg, respectively. The separation factor or equilibrium
constant (RL) is represented by:

RL =
(

1
1 + bCo

)
(6)

where Co is the initial concentration of Cr(VI) ions (mg/l) and b is the
Langmuir constant which indicates the nature of adsorption. The
separation factor (RL) indicates the isotherm shape and whether the
adsorption is favourable or not. If RL = 0, adsorption is irreversible;
0 < RL < 1, adsorption is favourable; RL = 1 adsorption is linear and
RL > 1 adsorption is unfavourable. The RL factor for various initial
concentrations of Cr(VI) sorption on BSAC obtained in this work
was in the range of 0 < RL < 1 is presented in Table 2. These values are
in very good agreement with the reported values in the literature
[18,19].

The Freundlich empirical equation was chosen to describe the
exponential distribution of active centres, characteristic of hetero-
geneous surface and infinite surface coverage.

Freundlich equation is commonly represented by:

qe = KCe
1/n (7)

log qe = log K + 1
n

log Ce (linear form) (8)

where K is the measure of adsorption capacity and 1/n adsorp-
tion intensity. The plot of log qe against log Ce shows (figure not
given) the isotherm data is well fitted with the Freundlich model
(R2 = 0.9996). Slope and intercept give the values of 1/n and K. Fre-
undlich constants are also presented in Table 1. The value of 1/n is
less than 1 indicates a favourability of adsorption. The Freundlich
equation frequently gives an adequate description of adsorption
data over a restricted range of concentration, even though it is
not based on the theoretical background. Apart from homogenous
surface, the Freundlich equation is also suitable for a highly het-
erogonous surface and an adsorption isotherm lacking a plateau,
indicating a multi-layer adsorption.
The adsorption kinetics described by the relationship between
contact time and metal uptake by BSAC for four various initial Cr(VI)
concentrations (50 to 125 mg/l) is discussed below.

Second-order kinetic model

/g) R2 k′ (g/mg/min) qe, cal (mg/g) R2

0.9410 0.0353 4.661 0.9999
0.9423 0.0183 6.873 0.9999
0.9457 0.0119 9.009 0.9999
0.9287 8.2488 × 10−3 11.049 0.9997
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ig. 3. Pseudo-second-order kinetic plot for adsorption of chromium on BSAC: (pH
.0, v = 100 ml, w = 1 g).

In many investigations, the adsorption kinetics by any plant
iomass has been tested for the first order expression given
y Lagergren. However, Several investigators have shown that
seudo-second-order kinetics can describe the Cr(VI)–adsorbent

nteractions very well for plant biomass adsorbents [2,6].
The integral form of Lagergren equation is

og(qe − qt) = log qe − Kad

2.303
t (9)

he pseudo-second-order equation is

t

qt
=

(
1

k′qe2

)
+ t

qe
(10)

here qe is the amount of Cr(VI) adsorbed at equilibrium per unit
eight of adsorbent (mg/g), qt is the amount of solute adsorbed at

t’ time (mg/g), t is the agitation time (min) and Kad is the adsorp-
ion equilibrium rate constant of pseudo-first-order reaction. The
lope and intercept of plot of log (qe − qt) against time were used to
etermine the first-order rate constant Kad, k′ is the rate constant
f pseudo-second-order adsorption (g/mg/min). It is evident from
alues of R2, qe, cal and qe, exp as presented in Table 3 that experimen-

al data are not fitted well for all Cr(VI) concentrations. Hence, the
dsorption mechanism cannot be well described by pseudo-first-
rder kinetics. The slope and intercept from the plot t/qt against
ime (Fig. 3) were used to calculate the (k′). The well fitted linear
egressions of various concentrations and their correlation coeffi-

Fig. 4. Mechanism of C
rdous Materials 168 (2009) 633–640 637

cients (R2) showed (Table 3) that the pseudo-second order model
describes the indication of a chemisorptions mechanism for whole
concentration range.

The adsorption mechanism based on ionic equilibrium between
Cr(VI) and Cr(III) is complicated for plant biomass adsorbent but it
can be related to surface complexation reactions with protonated
sites. Recently, Park et al. [8] reported (at pH 2.0) that in Cr(VI)
adsorption chromium bound on the surface of 16 adsorbents were
mostly or totally in trivalent form with X-ray photoelectron spec-
troscopy (XPS) confirmation. Two possible mechanisms such as
direct and indirect reduction of Cr(VI) to Cr(III) can be suggested
in Cr(VI) removal (Fig. 4). In first mechanism, Cr(VI) is directly
reduced to Cr(III) by surface electron-donor groups of the adsor-
bent and the reduced Cr(III) forms complexes with adsorbent or
remains in the solution. This Cr(III) is not adsorbed by adsorbent at
pH 2.0. But in second mechanism, the adsorption-coupled reduc-
tion of Cr(VI) to Cr(III) occurred on the adsorbent sites. It consists
of three steps; (i) the binding of anionic (HCrO4

−) Cr(VI) to the
positively-charged groups present on the surface of the adsorbent,
(ii) the reduction of adsorbed Cr(VI) to Cr(III) taking place by adja-
cent electron-donor (C O, O–CH3) groups of adsorbed sites and
(iii) a part of surface reduced Cr(III) is released into the aqueous
solution due electronic repulsion between the positively-charged
groups of adsorbent and the surface bound Cr(III). Similar behaviour
was observed by Suksabye et al. [20] and Sawalha et al. [21] also,
they reported that the most of the chromium bound on the adsor-
bent was in Cr(III) form and this reduction might be bound with
C O and O–CH3 groups of adsorbents. At pH 2.0 this reduced Cr(III)
is in Cr3+ form and it cannot be adsorbed by adsorbent [3,22]. When
reaction pH was increased further from 2.0 the Cr(VI) adsorption-
coupled reduction was less, hence the Cr(III) fraction in the solution
decreased steadily. Similar behaviour was observed by Dakiky et al.
[23] for both Cr(VI) and Cr(III) removal for seven adsorbents, zero
removal of Cr(III) and maximum removal of Cr(VI) were occurred
at pH 2.0. Finally, the removal behaviour and the kinetic model of
Cr(VI) by BSAC can be described only by adsorption-coupled reduc-
tion of Cr(VI) to Cr(III) over the whole range of adsorption at opti-
mum pH 2.0 and no Cr(III) removal is taking place directly at pH 2.0.

3.4. Characterisation of adsorbent
3.4.1. SEM characterisation
It could be observed from Fig. 5a that prior to activation BS

having regular plain surface with no pores on it, whereas Fig. 5b
(i.e., BS after activation) reveals the progressive changes and well

r(VI) adsorption.
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ig. 5. Scanning electron micrographs of the BS: (a) before activation, (b) after acti-
ation and (c) after chromium adsorption.

eveloped pores on the surface of the BSAC. The pore formation
f activated BS is mainly attributed to the addition of phosphoric
cid which causes the BS to swell and it opens the surface struc-
ure. During activation, phosphoric acid acts as a stabilizer, H3PO4
lls up the cavities of the cellulose structure and then due to high
emperature during carbonization H3PO4 evaporates out of those
avities forming active pores on BS [10–12]. Fig. 5c shows the SEM
orphology of BSAC after Cr(VI) adsorption. There is a clear indica-

ion of adsorbed chromium on BSAC as a newly bulky coated layer

ver the surface and some have occupied inside the pores of BSAC.

.4.2. Energy dispersive X-ray spectroscopy (EDS) analysis
Previous investigations reported that natural adsorbents bear

any oxygen surface groups such as acidic character (carboxylic
Fig. 6. EDS analysis of (a) BSAC before chromium adsorption and (b) BSAC after
chromium adsorption.

and lactonic), non-acidic (ether, quinine and carbonyl), phenol
group and anhydride [11]. It has been found from Fig. 6a that BSAC
having the carbon, oxygen and phosphorous elements on its sur-
face before interaction with Cr(VI) ions, whereas in Fig. 6b new
chromium peak was observed with the surface bearing groups
of carbon, oxygen and phosphorous, which confirmed the Cr(VI)
adsorption on BSAC.

3.4.3. Fourier transform infrared (FT-IR) analysis
The FT-IR spectra of BSAC before (Fig. 7a) and after chromium

adsorption (Fig. 7b) were recorded to acquire the information
regarding wave number changes (peak shifting) on the functional
groups in the range of 500–4000 cm−1. Table 4 presents some of
the basic band frequencies of BSAC before and after metal bind-
ing. The band frequency around 3412 cm−1 indicates the existence
of hydroxyl (–OH) groups and its significant shift from 3412 to
3375 cm−1 reveals the chromium binding with (–OH) groups. At
low pH (2.0), H+ ions neutralize (protonation) the surface bearing
–OH groups and then it turns to –OH2

+ site, it enhanced the negative
HCrO4

− ion adsorption [22,23].

OH2
+ + HCrO4

− ↔ OH2
+ (HCrO4

−) (11)

Similar observation has been reported by Mohanty et al. [24] for
Eichhornia crassipes with chromium binding (peak shifting from
3419 to 3405 cm−1).

The band 2924 and 2913 cm−1 is assigned to stretching vibra-
tions of the C H groups, 1554 and 1528 cm−1 is an identification of
COO, C O groups, 1054 and 1043 cm−1 is the stretching vibrations
of C O C, OCH3 (lignin structure in BS).

Also, the strong absorption peak at 2850 cm−1 is assigned
to CH stretching [3]. The amino groups (2374 cm−1) that exist
( NH2

+ and NH+) in positive form is predominantly responsi-
−
ble for interaction with anions (HCrO4 ) in acidic pH 2.0 and

that cannot coordinate with reduced Cr(III) [3]. In Fig. 7b there
is no stretching vibrations in between 2300 and 2700 cm−1, this
might be due to the maximum participation of amino groups on
Cr(VI) adsorption. It has also been suggested that the oxidative
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Table 4
Some of the fundamental FT-IR frequencies (a) BSAC (b) BSAC after chromium adsorption.

BS adsorbent Band position (cm−1)

O–H C–H Amino groups C O C O Bending vibrations

BSAC before Cr(VI) binding 3412 2924 2374 1554 1382 and 1054 <850
BSAC after chromium binding 3375 2913 – 1528 1043 545

Table 5
Comparison of adsorption capacities of chromium with various adsorbents.

Adsorbents Adsorption capacity (mg/g) Initial Cr(VI) concentration (mg/l) pH Reference

CSC 2.18 25 6.0 [28]
CAC 4.72 6.0
Nitric-oxidized CSC 10.88 4.0
Coconut tree sawdust 3.46 20 3.0 [26]
Olive cake 33.44 100 2.0 [23]
Sawdust 15.82
Cactus 7.082
Terminalia arjuna nuts activated carbon 28.4 10–30 1.0 [12]
Sawdust of Sal tree activated carbon 9.55 40 3.5 [14]
Jatropha oil cake 0.82 5–500 2.0 [15]
Maize corn cob 0.28
Sugarcane bagasse 0.63
Tamarind hull activated carbon 85.91 25–75 2.0 [27]
G
S
N
B

t
C
e
H

F
c

NH – AC 7.0
GNH – AC 11.34
eem leaf powder 7.43
ael fruit shell activated carbon 17.27
reatment of adsorbent with H3PO4 would introduce more acidic
O groups on the surface of adsorbent. This would enhance the

lectrostatic interaction between adsorbent surface groups and
CrO4

−.

ig. 7. FT-IR spectra (a) BSAC before chromium adsorption and (b) BSAC after
hromium adsorption.
50 3.0 [25]

25–125 7.0 [29]
50–125 2.0 Present study

3.5. Comparison with other adsorbents

Recently, the silver impregnated groundnut activated carbon
was prepared by using 4:3 ratio of con H2SO4 acid, 100:1 ratio of
silver nitrate (high cost) and 24 h drying time (high energy) showed
only 11.34 mg/g adsorption capacity for Cr(VI) removal. This adsorp-
tion capacity is poor compare to our adsorbent, even to spent high
cost of materials and energy cost for adsorbent preparation [25].
Similar poor adsorption behaviour was reported for coconut shell
charcoal and commercial activated carbon for Cr(VI) removal by
Babel and Kurniawan [28]. Besides, there are several adsorbents
in literature for arguments. So those are not economically appeal-
ing because of its high investment and energy cost to prepare the
adsorbents (due to high temperature and inert gas supply). Hence
our study depicts, BSAC having better removal capacity (17.27 mg/g)
with less preparation cost as compared to the literature reported
adsorbents (both cost and capacity) shown in Table 5. Moreover,
more investigations required to improve its quality and regenera-
tion capacity for further possible application.

4. Conclusions

The removal of hexavalent chromium from aqueous solution
using BSAC has been investigated in batch mode with various oper-
ating parameters such as initial pH, agitation time, initial chromium
concentration and adsorbent dosage. Moreover, the initial pH of the
chromium solution plays a significant role on percentage adsorp-
tion of adsorbent towards chromium ions. A decrease in pH (2.0) of
aqueous solution led to a significant increase in percentage adsorp-
tion. High chromium removal by BSAC was possible by keeping the
initial Cr(VI) concentration low at equilibrium time of 240 min. The
sorption data of BSAC were well fitted with both the Freundlich
and the Langmuir isotherm models. Consequently, Langmuir lin-
ear regression data showed the monolayer adsorption capacity of

chromium onto BSAC is 17.27 mg/g. It has the better adsorption
capacity when compare to the other adsorbents presented in the
literature (Table 5). The dimensionless separation factor RL revealed
the favourability of BSAC on Cr(VI) adsorption. Cr(VI) removal by
adsorption-coupled reduction is governed by pseudo-second-order
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ate equation and this equation is able to provide a realistic descrip-
ion of BSAC adsorption for all concentrations. In this investigation,
3PO4 was used for activating the BS and it enhanced the surface
roperty. It was clearly established by SEM micrographs. The FT-

R spectra revealed that the hydroxyl group and amino functional
roups were the chromium binding sites at lower pH range and the
hromium binding over the surface was confirmed by EDS analy-
is. Besides that, adsorbent being composed entirely by very low
rizes agricultural waste and that waste is not put to any other
se. It helps to reduce the cost of waste disposal and provide an
lternative adsorbent to the existing commercial activated carbon.
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