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bstract

In this paper, results of Cr(VI) and Cr(III) sorption from aqueous phase by palm flower (Borassus aethiopum) is presented. Batch kinetic and
quilibrium experiments were conducted to determine the adsorption kinetic rate constants and maximum adsorption capacities. Both Cr(III) and
r(VI) adsorption followed a second-order kinetics. For Cr(III), maximum adsorption capacity was 6.24 mg/g by raw adsorbent and 1.41 mg/g by
cid treated adsorbent. In case of Cr(VI), raw adsorbent exhibited a maximum adsorption capacity of 4.9 mg/g, whereas the maximum adsorption
apacity for acid treated adsorbent was 7.13 mg/g. There was a significant difference in the concentrations of Cr(VI) and total chromium removed
y palm flower. In case of Cr(VI) adsorption, first it was reduced to Cr(III) with the help of tannin and phenolic compounds and subsequently
dsorbed by the biosorbent. Acid treatment significantly increased Cr(VI) adsorption capacity of the biosorbent whereas, alkali treatment reduced
he adsorption capacities for Cr(VI). However, in case of Cr(III), acid treatment significantly reduced the adsorption capacity whereas the adsorption

apacity of alkali treated biosorbent was slightly less than that of raw adsorbent. FT-IR spectrum showed the changes in functional groups during
cid treatment and biosorption of Cr(VI) and Cr(III). Column studies were conducted for Cr(III) to obtain the design parameters require for
cale-up.

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

Pollution by heavy metals has received major attention in
he recent years due to its toxicity and wide spread occurrence.
hromium is one such heavy metal being in use in various indus-

rial applications like tanning, metallurgy, plating and metal
nishing. Chromium exists in two stable oxidation states, Cr(III)
nd Cr(VI), in nature. The trivalent form is relatively innocuous,
ut hexavalent chromium is toxic, carcinogenic and mutagenic
n nature, highly mobile in soil and aquatic system and also
s a strong oxidant capable of being adsorbed by the skin
1].

Of the various treatment techniques available for chromium

emoval, the most commonly used ones are adsorption, reduction
nd precipitation, ion exchange and reverse osmosis. Among
hese methods, adsorption is found to be simple, cost effec-
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ive and a versatile method for removing heavy metals [2].
n addition, adsorption can remove heavy metals to a lower
evel than precipitation over a wide range of pH. A num-
er of natural and synthetic adsorbents have been studied
y various researchers [3–5] for the removal of heavy met-
ls.

Sorption of heavy metals onto biosorbents is proved to be an
ttractive method due to the availability of large surface area,
elective adsorption of metal ions and possible operation over a
road range of environmental conditions [6]. Variety of biosor-
ents, including microorganisms have been tried for the removal
f heavy metals from aqueous solution [7–12], including algae
13] plant biomass [14,15] agricultural byproducts [16], beech
awdust [17] eucalyptus bark [3] seaweeds [18,19] coir pith,
eanut husks carbon [4] palm pressed leaves [20] agro waste
2], etc.
Romero-González et al. [21] reported Cr(III) biosorption
nto Agave lechuguilla. Biosorption of Cr(III) was due to inter-
ctions with surface carboxyl groups of the biosorbent’s cell
issue. Park et al. [22] also used brown seaweed, Ecklonia sp., for

mailto:ligy@iitm.ac.in
dx.doi.org/10.1016/j.cej.2007.10.026
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Nomenclature

Ar constant of Redlich–Peterson isotherm (L/mg)br

At constant of Toth isotherm (L/mg)
b Langmuir adsorption constant (L/mg)
br constant of Redlich–Peterson isotherm
Cb Breakthrough metal ion concentration (mg/L)
Ce residual concentration at equilibrium (mg/L)
k1 first-order rate constant
k2 pseudo-second-order rate constant
Ka rate constant (L/mg h)
KF Freundlich adsorption constant (mg/g)/(mg/L)n

Kr constant of Redlich–Peterson isotherm (L/g)
KRP constant of Radke–Prausnitz isotherm (L/g)
Ks, ms empirical parameter (Sips models)
Kt constant of Toth isotherm (mg/g)
mRP constant of Radke–Prausnitz isotherm
n Freundlich adsorption constant
N0 sorption capacity of bed (mg/L)
qe adsorbed quantity per gram of biomass (mg/g)
qm maximum specific uptake corresponding to sites

saturation (mg/g)
T constant of Toth isotherm
t the contact time (h)
v the linear velocity (cm/h)
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separated by centrifuging at 8000 × g for 5 min. The pigment
released was measured in terms of COD. Concentrations of tan-
nin and total phenolic compounds also were analyzed. In order
to evaluate the Cr(VI) reduction potential of released pigments,
iosorption of Cr(VI). When wastewater containing Cr(VI) was
laced in contact with this biomass, the Cr(VI) was completely
educed to Cr(III). The converted Cr(III) either appeared in solu-
ion or was partly bound to the biomass. Romero-González et
l. [23] investigated Cr(VI) biosorption using Agave lechuguilla.
r(VI) binding by A. lechuguilla at pH 2.0 was due to either elec-

rostatic attraction of Cr(VI) oxyanions by positively charged
igands such as protonated amines or through reduction of
r(VI) to Cr(III), and subsequent binding of Cr(III) to the
iomass.

While selecting the biosorbent, its availability, cost of pro-
uction, and other beneficial uses have to be taken into account.
alm flower (male) is an inexpensive and abundant mate-
ial which does not have any other reported beneficial use.
s per our knowledge, no studies are available in the liter-

ture describing the potential of palm flower for removing
hromium from aqueous solution. Moreover, the mechanism
f Cr(VI) sorption by many biosorbents are yet to be eluci-
ated. The objective of this study was to evaluate the potential
f a natural biosorbent, palm flower Borassus aethiopum, a
idely available natural material, in sorbing Cr(III) and Cr(VI)

rom aqueous solution. For this, batch and laboratory scale
ow experiments were conducted. Attempt was also made

o understand the mechanism of chromium sorption on palm
ower.
ring Journal 141 (2008) 99–111

. Materials and methods

.1. Preparation of raw biosorbents

Palm flower (B. aethiopum) collected from IIT Madras Cam-
us, Chennai was washed thoroughly with distilled water and
ried at 60 ◦C for 48 h in an oven. The biosorbent was then
ut into small pieces, ground in a blender and sieved to obtain
onstant size particles (between 400 and 500 �m).

.2. Treatment with acid and alkali

4N H2SO4/NaOH solutions were used for pre-treating the
aw biosorbents. For this, 10 g of raw adsorbent was mixed with
00 mL of acid and alkali solution and agitated at 150 rpm for
4 h. The biosorbent was then washed thoroughly with distilled
ater until the pH reached nearly neutral (7 ± 0.5) and then dried

t 60 ◦C for 24 h.

.3. Batch sorption experiments

Batch kinetic experiments were conducted in 250 mL conical
asks with a working volume of 100 mL. 1 g of biosorbent was
dded to 100 mL of 25 mg/L Cr(III) solution with an initial pH
f 4.5. The flasks were agitated on a rotary shaker at 150 rpm
nd 30 ◦C. Samples were collected at different time intervals,
entrifuged and analyzed for residual Cr(III) and COD concen-
rations. Isotherm studies were performed by varying the initial
hromium concentrations from 10 to 150 mg/L at a pH of 4.5.
orption studies for Cr(VI) also were conducted in the same
anner.

.4. Desorption studies

Desorption studies were carried out using 5N H2SO4. For
his, 1 g of exhausted adsorbent was taken in a 250 mL conical
ask, mixed with 100 mL of 5N H2SO4 solution and agitated

n a shaker at 150 rpm for 3 h. Desorbed Cr(III) concentration
as estimated with respect to time by analyzing the released
r(III) concentration in the sample. All the above experiments
ere also carried out with Cr(VI). Once desorption attained the

quilibrium, the adsorbent was washed several times with dis-
illed water in order to remove excess acid. It was again used
s an adsorbent in more cycles to evaluate the reuse potential of
he sorbent.

.5. Quantification and chromium reduction potential of
eleased pigments

Pigment extraction experiments were carried out by agitating
00 mg of adsorbent in 100 mL of eluent in a 250 mL conical
ask for 4 h. Distilled water, phosphate buffer (100 mM) and
thanol were used as eluents. The adsorbent and adsorbate were
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sorption whereas, there was a decrease in Cr(III) adsorption.
It is apparent from Fig. 2a that only 62% Cr(III) removal was
attained in 3 h by acid washed palm flower, however, 99.2%
of Cr(VI) was removed from solution within 3 h. This could
R. Elangovan et al. / Chemical En

xperiments were carried out by agitating 100 mL of 25 mg/L
r(VI) solution along with 10 mL of pigment extract in a 250 mL
onical flask. The solution was kept in a mechanical shaker at
50 rpm and the temperature was maintained at 30 ◦C. Sam-
les were collected after 15, 30, 45, 60, 120 and 180 min of
ontact time. These samples were analyzed for residual con-
entration of Cr(VI), total chromium, tannin, total phenolic
ompounds and COD. All these studies were carried out at a
H of 7.0 ± 0.1.

.6. Effect of ionic strength

In this experiments, kinetics of Cr(III) sorption by palm
ower were compared at low (0 M NaCl) and high ionic
trengths (0.1 M NaCl). The ionic strength of chromium solu-
ions was adjusted using NaCl salt in the concentration range of
–0.1 mol/L).

.7. Column study

Fixed bed experiments were carried out in glass columns of
0 cm long and 1 cm internal diameter. The height of the pack-
ng media was 25 cm. The particle size of adsorbent used in the
xperiment was 400–500 �m. Synthetically prepared 20 mg/L
f Cr(III) solution (pH 4.5) was trickled through the packed
olumn, at a flow rate of 3 m3/(m2 h) (4.3 mL/min). These stud-
es were conducted with and without organic matter (100 mg/L
extrose). To study the effect of bed height on biosorption, fixed
ed studies were carried out with various bed depths of 5, 10,
5, 20 and 25 cm. For studying the reuse potential of the sor-
ent, the exhausted sorbent (5 g) was taken out and immersed in
00 mL of 5N H2SO4 and shaken at 150 rpm for 6 h, followed
y washing thoroughly with distilled water until the wash water
H became neutral.

.8. Analytical methods

COD analysis was carried out by closed reflux method as
er standard procedure [24]. Cr(VI) concentration was deter-
ined by diphenyl carbazide method [24]. Total chromium

oncentration was analyzed using atomic absorption spectrom-
ter (Perkin-Elmer, AAnalyst 700, USA). Cr(III) concentration
as calculated by subtracting Cr(VI) concentration from total

hromium concentration.

.9. Fourier transform infrared (FT-IR) analysis

Infrared spectra of raw, treated and chromium-loaded biosor-
ents were obtained using a Fourier Transform Infrared
pectrometer (Perkin-Elmer, USA). The Perkin-Elmer Spectrum
ne FTIR Spectrometer is capable of data collection over a
ave number range of 450–4000 cm−1. Adsorbents were dried
n an oven at 60 ◦C for 24 h. For the FT-IR study, approximately
mg of finely ground sorbent was encapsulated in 1000 mg of
Br pellet (Sigma, USA) in order to prepare translucent sample
isks.

F
a
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. Results and discussion

.1. Kinetics of Cr(VI) and Cr(III) adsorption

The adsorption of trivalent chromium and hexavalent
hromium by palm flower was initially evaluated in batch sys-
em, using 25 mg/L of chromium (Cr(VI) and Cr(III)) solution
t a pH of 4.5 and a temperature of 30 ◦C. Fig. 1 shows the
inetics of Cr(III) and Cr(VI) sorption by B. aethiopum. From
ig. 1, it is clear that Cr(III) adsorption was higher (82.7%)
nd faster and attained equilibrium within 2 h whereas, Cr(VI)
dsorption or disappearance was slower and even after 8 h (data
ot shown), equilibrium was not reached. In the experiments for
r(VI) adsorption, to find whether Cr(VI) was getting converted

o Cr(III) or it was being adsorbed, total chromium concentration
n the system was also monitored. It is clear that only a part of
r(VI) that disappeared from the system was adsorbed by palm
ower and the remaining was present in the solution as Cr(III).
he adsorption pattern of Cr(III) (expressed as total chromium)

n this case was different from the adsorption of Cr(III) in the
revious case. This may be due to the rate limitation of Cr(VI)
eduction in the system.

.2. Kinetics of Cr(VI) and Cr(III) adsorption by acid and
lkali treated B. aethiopum

Bai and Abraham [10] reported that untreated adsorbent
as less adsorption capacity, compared to chemically treated
dsorbents, for chromium ions because the adsorbents lack
ppropriate chemical functional groups on its surface. Therefore,
he adsorbent was subjected to alkali and acid treatments prior to
iosorption studies. A weight loss of 18 and 49% was observed
fter acid and alkali treatments, respectively. This might be due
o the removal of lignin and other compounds from the adsorbent
nder highly acidic and alkaline conditions.

The kinetics of biosorption of Cr(III) and Cr(VI) by the
hemically treated adsorbent are presented in Fig. 2a. The pre-
reatment of biosorbents with 5N H2SO4 enhanced the Cr(VI)
ig. 1. Kinetics of Cr(VI) and Cr(III) adsorption by raw palm flower (Borassus
ethiopum).
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ig. 2. (a) Kinetics of Cr(VI) and Cr(III) adsorption by acid treated palm flower
B. aethiopum); (b) kinetics of Cr(VI), total chromium and Cr(III) adsorption
y alkali treated palm flower (B. aethiopum).

e attributed to the fact that acid hydrolysis yields relatively
ure amino sugar, d-glucosamine [25], which is more easily
rotonated at adsorption pH. Thus extraction of finely pow-
ered biosorbents in acids could expose more binding sites.
nhanced biosorption of metal ions by acid treated biosorbents
ave been reported while employing pine bark as adsorbent
aterial [26,10]. Acid-treatment has increased the overall posi-

ive charge of the adsorbents. This was evident from the titration
xperiment with NaOH (data not shown). As a result, the sor-
ent was able to adsorb more negatively charged metal ions.
owever, the accessibility of cations might have decreased due

o the decrease in sorption sites. For the pH range used in the
resent experiments (4.5–5.5), Cr(VI) ions exist in anionic form
hereas, Cr(III) ions exist in cationic form [27]. It may also be
oted that, after the acid wash, the organic matter content in the
orbent as well as in the reaction mixture was reduced (data not
hown). This reduction resulted in a slower rate of Cr(VI) con-
ersion to Cr(III). Hence, after the acid wash, a part of the Cr(VI)
emoval might be due to the adsorption of Cr(VI) directly to the
iosorbent.

Treatment of the biosorbents with 4N NaOH significantly
educed the removal rate of Cr(VI) and total chromium (Fig. 2b).
he Cr(III) adsorption capacity was not significantly reduced as
ompared to the raw adsorbent. This treatment also affected the

hysical characteristics of the adsorbent, thereby hindered the
perational stability. There was drastic swelling of biosorbent,
hich may be due to the polymer chain breakage. The decrease

n adsorption of Cr(VI) may be due to the net increase in the Ta
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urface negative charge of the adsorbents or masking of surface
roups by corresponding sodium salts.

.3. Kinetic modeling of batch system

The rate of sorption onto a sorbent surface depends upon a
umber of parameters such as structural properties of the sor-
ent, initial concentrations of the solute, and the interaction
etween the solute and the active sites of the sorbent [28]. The

ffect of external film diffusion on biosorption rate is assumed
o be insignificant and ignored in many kinetic analyses, partic-
larly when the biosorbent is employed as a free suspension in a
ell-agitated batch system. To describe the adsorption process,

ig. 3. (a) Pseudo-first-order kinetic model for chromium adsorption by acid
reated palm flower; (b) pseudo-second-order kinetic model for chromium
dsorption by acid treated palm flower; (c) intra-particle diffusion model for
hromium adsorption by acid treated palm flower.
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inetic data were fitted to Lagergren pseudo-first-order model
nd Ho’s pseudo-second-order reaction rate model [29]. The
athematical representations of models are given in Eqs. (1)

nd (2), respectively,

og(qe − qt) = log qe − k1t (1)

1

qt

)
=

(
1

h

)
+

(
1

qt

)
t (2)

here qe is the amount of adsorbate removed from aqueous
olution at equilibrium, qt is the amount of adsorbate sorbed on
he sorbent surface at any time t, k is the rate constant of sorption,
is the reaction time and h = k2q

2
e .

Fig. 3b shows the second-order linear plot for acid washed B.
ethiopum. The kinetic rate constants obtained from first- and
econd-order pseudo-kinetic model for both raw and acid treated
iosorbents are given in Table 1. A larger adsorption rate con-
tant k1 usually represents quicker adsorption whereas a lesser
2 value represents a faster adsorption [30]. For both Cr(VI) and
r(III), the entire kinetic data fitted well with pseudo-second-
rder reaction rate model, which is evident from the higher
orrelation coefficient values.

Though the adsorption process is considered as a surface phe-
omenon, intra-particle diffusion also plays a significant role.
ubinin [31] suggested that pore size distribution plays a more

ignificant role in adsorption process than surface area. For any
dsorbent in an agitated system, main resistance to mass trans-
er occurs during the movement or diffusion of solute within the
ores of the particles [32]. In order to test the contribution of
ntra-particle diffusion on adsorption process, the rate constant
or intra-particle diffusion was calculated using the following
quation [33]:

t = Kp t1/2 (3)

or calculating Kp, a linear plot of qt against square root of time
t1/2) was made (Fig. 3c). The slope of the linear plot indicates the
ntra-particle diffusion rate constant. Table 2 shows the Kp value
btained for Cr(III), Cr(VI) and total chromium sorption by raw
nd acid treated B. aethiopum. The Kp value for Cr(III) was
elatively higher compared to Kp value of Cr(VI) in case of raw
dsorbent. However, the trend was reversed after acid washing.

he linear portion of the curves (not shown) passed through

he origin for all the cases. Therefore, it may be concluded that
dsorption of chromium (Cr(III) and Cr(VI)) by palm flower is
overned by intra-particle diffusion.

able 2
ntra-particle mass transfer coefficients for raw and acid treated palm flower

dsorbent Chromium species Kp (mg g−1 h−1/2) R2

aw Trivalent chromium 3.167 1.000
Hexavalent chromium 1.509 0.949
Total chromium 0.570 0.993

cid treated Trivalent chromium 1.147 0.949
Hexavalent chromium 1.994 0.999
Total chromium 1.583 0.990
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Table 4
Different sorption isotherm models used to predict the adsorbent capacity of
palm flower

Isotherms Expression Parameter References

Ferundlich qe = KF × C
1/n
e KF, n [45]

Langmuir qe = qm × b × Ce

1 + b × Ce
qm, b [46]

Redlich–Peterson model qe = Kr × Ce

1 + ArCbr
e

Kr, Ar, br [47]

Sips model qe = qm × (Ks × Ce)ms

(1 + KsCe)ms
qm, Ks, ms [48]

Radke–Prausmitz model qe = KRP × qm × Ce
mRP

KRP, qm, mRP [49]

T

a
a
n
t
p
t
m
n
e
m
o
C
m

3

t
s
r
R
T
t
i
w

l

T
E

S

P
B
A

ig. 4. (a) Kinetics of pigment release and Cr(VI) reduction by the released
igment from raw adsorbent; (b) kinetic of tannin and total phenol disappearance
ith respect to Cr(VI) reduction.

.4. Role of released organic matter on Cr(VI) reduction

From the kinetic studies, it was clear that Cr(VI) removal
rom the system was due to the reduction of Cr(VI) to Cr(III)
nd subsequent adsorption of Cr(III) onto palm flower. It was
oticed that during the adsorption process, significant amount of
issolved organic matter (480 mg/L as COD, Fig. 4) was released
nto the system. In order to find the role of organic matter released
n Cr(VI) reduction, batch experiment was carried out using
he released organic matter. The results are presented in Fig. 4.
r(VI) reduction was very fast and about 25% of Cr(VI) was

educed in 15 min. Concentration of total chromium remained
he same throughout the study. From this study, it is clear that the
rganic material released from palm flower had certain compo-

ents which have high reduction potential unlike other organic
atter. Jaysing and Philip [34] have reported that at high concen-

rations of glucose or molasses, there was no significant Cr(VI)
eduction.

t
c
u
l

able 3
stimation of tannin and total phenolic compounds leached out from palm flower

orbents Tannin concentration

Distilled water (mg/g) Phosphate buffer (100 mM) (m

alm flower 20.56 15.44
efore Cr(VI) addition 17.92 –
fter Cr(VI) addition 16.57 –
(1 + KRP × Ce)

oth model qe = Kt × Ce

(At + Ct
e)1/t

Kt, At, T [50]

The characterization of organic material released from B.
ethiopum using different eluents was carried out and the results
re presented in Table 3. Concentration of tannin and total phe-
ol was also estimated after the Cr(VI) reduction (Table 3). From
hese observations, it is evident that total phenol and tannin
resent in the system have a significant role in Cr(VI) reduc-
ion. It is reported that poly phenolic compounds can chelate

etal ions in vitro [35]. While discussing the adsorption mecha-
ism of hexavalent chromium by condensed tannin gel, Nakano
t al. [36] described the etherification of chromate with tannin
olecules, subsequent reduction of Cr(VI) to Cr(III), formation

f carboxylic group by tannin molecules and ion exchange of
r(III) by carboxyl/hydroxyl groups. Similar type of reaction
ight have taken place in the present system also.

.5. Equilibrium studies

Many models have been proposed in the past to describe
he equilibrium relationship between adsorbed and unad-
orbed solutes. In this study, six adsorption models often
eported in the literature, namely Freundlich (F), Langmuir (L),
edlich–Peterson (R–P), Radke–Prausnitz (RaP), Sips (S) and
oth (T), were tested to provide the best description of adsorp-

ion. The mathematical representations of these models are given
n Table 4. In this, both F and L are two parameter models
hereas the remaining four are three parameter models.
Freundlich and Langmuir isotherm parameters were calcu-

ated by linear form, while the other models were evaluated in

heir non-linear form. For the linear models, the coefficient of
orrelation (R2) calculated based on least squares method was
sed for the assessment of isotherm accuracies whereas, for non-
inear models, various constants were calculated by optimizing

Total phenolic compounds

g/g) Methanol (mg/g) Distilled water (mM/g) Methanol (mM/g)

7.41 15.66 19.73
– 8.79 –
– 8.27 –
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Table 5
Various adsorption isotherm constants for Cr(III) and Cr(VI) adsorption by raw and acid treated palm flower

Models Parameter Raw adsorbents Acid washed adsorbents

Trivalent chromium Hexavalent chromium Trivalent chromium Hexavalent chromium

Cr(VI) Total Cr Cr(VI) Total Cr

Freundlich isotherm Kf 3.042 0.342 0.032 0.228 2.541 1.907
1/n 0.156 0.599 0.851 0.415 0.311 0.373
RMSE 1.749 0.059 0.038 0.251 1.383 0.474

Langmuir isotherm Qm 5.995 4.888 3.803 1.408 7.138 7.657
b 0.229 0.048 0.007 0.148 1.443 0.209
RMSE 0.244 0.128 0.036 0.305 0.072 0.479

Redke–Prausnitz model Krp 0.158 0.046 0.005 10.5 3.381 0.310
qm 6.227 4.610 4.183 0.057 5.212 4.753
mrp 1 0.945 0.707 0.531 0.935 0.810
RMSE 0.2871 0.022 0.008 0.0392 0.018 0.076

Toth model Kt 5.406 4.933 4.010 1.311 7.408 7.084
At 144.43 28.472 588.621 136 0.437 21.906
T 2.501 1.052 1.215 10 0.666 1.550
RMSE 0.0527 0.004 0.002 0.2406 0.021 0.093

Redlich–Peterson model A 0.975 0.386 0.080 0.611 18.492 0.984
B 0.123 0.193 30.477 3.241 3.437 0.092
g 1.137 0.678 0.177 0.635 0.942 1.207
RMSE 0.0121 0.044 0.104 0.1507 0.019 0.039

Sips qm 5.481 4.575 3.714 4.716 7.272 7.151
ks 0.263 0.051 0.008 0 1.592 0.207
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ms 1.696 1.04
RMSE 0.0909 0.09

he sum of the squares of the errors using the solver add-in from
icrosoft’s spreadsheet, Excel®. The isotherm accuracies were

etermined by root mean square error method.
The root mean squared error (RMSE) of a model is evaluated

y Eq. (4):

MSE =
√√√√1

n

n∑
i=1

(Pi − Ti)2 (4)

here Pi is the predicted value and Ti is the target value for
tness cases i.

The isotherm constants obtained from all the above-
entioned models are presented in Table 5. It is clear from

he results that the adsorption data is fitting well for almost all
he models. Neither two parameter models nor three parameter

odels showed any added advantage. For Cr(III), maximum spe-
ific adsorption capacity obtained were 5.99 mg/g (L), 6.27 mg/g
R–P), 5.406 mg/g (T) and 5.481 mg/g (S), respectively. Their
orresponding linear and non-linear isotherms are illustrated in
ig. 5a. For Cr(VI), maximum adsorption capacity calculated
ere 4.98 mg/g (L), 3.57 mg/g (R–P), 4.933 mg/g (T) and 5.366

S). Their corresponding isotherm plots are illustrated in Fig. 5b.
or the same experiment, the total chromium removal was also

valuated. As shown in Table 5 and Fig. 5c, removal of total
hromium was significantly lower than that of Cr(VI). This
learly shows that Cr(VI) was getting reduced to Cr(III) and
part of it was adsorbed by the sorbents.

3

s

1.140 0.12 0.766 1.364
0.010 0.0177 0.023 0.005

Sorption equilibrium studies were also conducted with
cid treated biosorbent (Table 5). As expected, the adsorption
apacity of acid washed adsorbent for Cr(III) was less com-
ared to the raw adsorbent. However, there was a significant
ncrease in adsorption capacity in case of Cr(VI), after the acid
reatment. The Cr(VI) adsorption capacity for acid treated adsor-
ent were 7.138 mg/g (L), 7.408 (T) mg/g and 7.272 (S) and
.657 mg/g(L), 7.08 (T) mg/g and 7.151 (S) based on Cr(VI) and
otal chromium measurements, respectively. Generally, acid-
reatment is being used for cleaning the cell wall and replacing
he natural mix of ionic species bound on the cell wall with pro-
ons and sulfates [37–39]. Acid-treatment might have increased
he exposed positive sites (protonation of functional groups like
arboxyl and amino groups) on the adsorbents. The amino, car-
oxyl, nitrogen and oxygen of the peptide bonds, can be available
n the adsorbent for characteristic coordination bonding with

etallic ions [40]. Thus, acid-treatment might have exposed
ore binding sites; and therefore, the sorption capacity of the

nionic Cr(VI) might have increased. As discussed earlier, at pH
.5–5.5. Cr(VI) exists in anionic form whereas, Cr(III) prefer-
bly exists in cationic form. This must be the reason for higher
dsorption of Cr(VI) and lower adsorption of Cr(III) by the acid
reated adsorbents.
.6. Regeneration and reuse studies

For the sustainability of adsorption process, the adsorbents
hould have good desorption and reuse potential. Studies were
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Fig. 5. (a) Predicted and experimental equilibrium adsorption curves for Cr(III)
by palm flower; (b) predicted and experimental equilibrium adsorption curves for
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[43]. The observed peaks at 1551 cm−1 and 804 cm−1 represent
r(VI) by palm flower; (c) predicted and experimental equilibrium adsorption
urves for total chromium by palm flower.

arried out to evaluate the reuse potential of palm flower as an
dsorbent for chromium. Strong acid and alkali were used for
his purpose. Repeated acid treatment has reduced the weight of
dsorbent considerably. As shown in Fig. 6a, there was approx-
mately 17% weight loss in the first acid wash and a total of
7% of the weight was lost in the second wash with 5N H2SO4.
owever, there was no significant weight loss after the second
ash. This shows that, in the first two cycles, almost all acid sol-
ble material from the biosorbent was washed away and the left
ver material was acid resistant. The kinetics of Cr(III), Cr(VI)
nd total chromium removal by the regenerated biosorbent is
resented in Fig. 6b, d and e. Cr(III) adsorption was reducing
s the number of recycles progressed. However, Cr(VI) adsorp-
ion capacity increased as the number of regeneration increased.

s seen in the earlier kinetic studies with raw and acid washed

dsorbents, Cr(III) adsorption was adversely affected by acid
reatment whereas it significantly increased in the case of Cr(VI).

t

r

ring Journal 141 (2008) 99–111

Fig. 6c–f shows the kinetics of Cr(III) desorption in differ-
nt cycles of operation. The percentage desorption of Cr(III)
as 74.7%, 84.1% and 96.8% in first, second and third cycles of
peration. The lower desorption in the first cycle may be the irre-
ersible adsorption of Cr(III) to some of the functional groups.
s the acid washing proceeded, these material must have washed

way (evident from weight loss) and Cr(III) adsorption in the
emaining functional groups might be reversible. The changes
n functional groups on the adsorbent surfaces were clear during
T-IR analysis.

.7. Effect of ionic strength

Effect of ionic strength on Cr(III) sorption by raw and acid
reated adsorbents are shown in Fig. 7a and b. It is clear from the
gures that Cr(III) removal was slightly decreased with increase

n ionic strength. In general, adsorption decreases with increas-
ng ionic strength of the aqueous solution [41,42].

.8. Fourier transform infrared (FT-IR) analysis of
dsorbents

The FT-IR spectrum of raw and acid and alkali treated
dsorbents before and after sorption of both hexavalent and
rivalent chromium were used to determine the vibration fre-
uency changes in the functional groups, in the adsorbents.
he spectra of adsorbents were measured within the range of
00–4000 cm−1 wave number. The FT-IR spectrum of palm
ower displays a number of absorption peaks, indicating the
omplex nature of the biosorbent (Fig. 8a).

The broad absorption peak around 3403 cm−1 is indicative of
he existence of –OH and –NH stretching, thus showing the pres-
nce of hydroxyl and amine groups on the adsorbent. The band
t 2925 cm−1 can be assigned to the –CH stretch. The absorp-
ion bands at 1623 cm−1 (mainly C O stretch) and 1498 cm−1

mainly –NH stretch) can be attributed to the I and II bands of
mide bond in the protein peptide bond. It was clear that the
arboxylate ions gave rise to two bands: C O stretch at 1378
nd 1707 cm−1. A band at about 1118 cm−1, representing –SO3
tretching, was also observed in the FT-IR spectrum of palm
ower.

Significant changes of the functional group are visible after
cid treatment. Acid treatment has been used for cleaning the
ell wall and replacing the natural mix of ionic species bound
n the cell wall with protons and sulfates [37–39]. Results
Fig. 8a) show the changes in functional group, i.e. carboxylic
cids in 1709 cm−1, esters in 1294 cm−1, amides in 1623 cm−1

nd amines in 2320 cm−1 in acid washed adsorbent compared
o the raw one. The acid hydrolysis converts amide and ester
roups in to corresponding carboxylic acids [43]. The hydrolyz-
ng esters—splitting them into carboxylic acids (or their salts)
nd alcohols by the action of water, dilute acid or dilute alkali.
cid hydrolyze amides to produce carboxylic acid and amine
he increased intensity of primary and secondary amine.
Treatment of the biosorbents with 4N NaOH significantly

educed the adsorption capacity, as discussed earlier. FT-IR spec-
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ig. 6. (a) Weight losses due to acid (5N H2SO4) wash in different cycles; (b) k
esorption from palm flower at different cycle; (d) kinetics of Cr(VI) adsorption
ower at different cycle; (f) kinetics of Cr(VI) desorption from palm flower at d

rum of alkali treated palm flower is given in Fig. 8a. There were
ignificant functional group changes after the alkali wash. The
hanges are visible for carboxylic acids in 1710 cm−1, esters
n 1250 cm−1, amides in 1625 cm−1 and amines in 2309 cm−1.
lkali treatment might have formed corresponding metal salts
ith functional groups on the adsorbent. Observed peaks at
709 cm−1, 749 cm−1 and 1531 cm−1 represent the decreased
ntensity of carboxylic acids, and amide groups. The peak at
196 cm−1 shows the increased intensity of tertiary alcohol.
Change in functional group are observed after Cr(VI) adsorp-
ion (Fig. 8b). Cr(VI) is a powerful oxidizing agent, which might
ave oxidized primary and secondary alcohols to corresponding
etones, carboxylic acids and other compounds having “benzyl”

t
F
b
a

s of Cr(III) adsorption by palm flower at different cycles; (c) kinetics of Cr(III)
lm flower at different cycle; (e) kinetics of total chromium adsorption by palm
nt cycle.

ydrogen to benzoic acids, and Cr(VI) got reduced to Cr(III).
he peaks at 1731 cm−1, 1709 cm−1, 749 cm−1 and 1531 cm−1

epresent the decreased intensity of ketone, carboxylic acids,
mide and amine groups.

To confirm the difference in functional groups after the
iosorption of Cr(III), FT-IR study was carried out using Cr(III)-
oaded adsorbent. The absorption spectrum of chromium-loaded
dsorbent (at pH 4.5) was compared with that of raw palm flower.

change of absorption bands can be seen when comparing

he FT-IR spectra of pristine and chromium-loaded biosorbent
ig. 8c. An interesting phenomenon was the sharp decrease in the
and intensity at 1400 cm−1 corresponding to C O stretching
fter metal binding. Although, slight changes in other absorp-
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Fig. 7. (a) Effect of ionic strength on the adsorption of Cr(III) by raw palm
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ower (B. aethiopum) at pH 4.5; (b) effect of ionic strength for adsorption of
r(III) on acid treated palm flower (B. aethiopum) at pH 4.5.

ion frequencies were observed, it was difficult to interpret
ow these absorption peaks were related to Cr(III) biosorp-
ion.

.9. Column studies

The breakthrough time and the shape of the breakthrough
urve are important characteristics for determining the opera-
ion and the dynamic response of an adsorption column. The
reakthrough curves of Cr(III) adsorption by palm flower at a
ow rate of 4.3 mL min−1 and a fixed bed height of 25 cm are
hown in Fig. 9a. Slightly earlier breakthrough was observed
n the case of Cr(III) with organic matter compared to Cr(III)
lone. Cr(III) uptake capacity of 5.878 mg/g was obtained when
he column was challenged with synthetic Cr(III) solution. Pres-
nce of organic matter (100 mg/L of COD) along with Cr(III),
arginally reduced the uptake capacity of sorbent (5.754 mg/g).
rom the adsorption capacity, it is evident that addition of low
oncentrations of organic matter has insignificant effect on col-
mn performance.

The sorption data evaluated based on a number of regenera-
ion reuse cycles are presented in Table 6. The column exhibited
aximum Cr(III) adsorption capacity in the first cycle (Fig. 9b).
n the second cycle, after the regeneration with 200 mL of 5N
2SO4, there was a weight loss of 33%. The adsorption capac-

ty reduced to 3.71 mg/g which corresponds to a reduction of
5.5%. As observed in the batch studies, acid treatment has

T
t
s
t

ig. 8. (a) FT-IR of raw, acid treated, and alkali treated adsorbents; (b) FT-IR
f hexavalent chromium-loaded adsorbents; (c) FT-IR of trivalent chromium-
oaded adsorbent.

dverse effect on Cr(III) uptake. This may be the reason for
he reduction in Cr(III) uptake by the regenerated adsorbent.
hird cycle of operation has given almost same performance as
he second cycle (3.62 mg/g). This shows that the sites respon-
ible for Cr(III) adsorption after acid wash are reversible and
he adsorbent can be utilized for a number of times without
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Fig. 9. (a) Break through curve of Cr(III) in presence and absences of organic
m
p
t

m
t
r
a

3

B
c
m
b

t

Fig. 10. (a) Breakthrough curves for Cr(III) using palm flower as adsorbent:
Effect of bed heights (flow rate = 4.3 mL/min, initial Cr(III) concentra-
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atter (flow rate = 4.3 mL/min, initial bed depth = 25cm and pH 4.5); (b) reuse
otential of fixed bed columns (flow rate = 4.3 mL/min, initial Cr(III) concen-
ration = 16.56 mg/L, COD = 100 mg/L, initial bed depth = 25 cm and pH 4.5).

uch reduction in the efficiency. Based on the batch desorp-
ion and reuse study results, this biosorbent may exhibit better
esults in successive cycles after regeneration in case of Cr(VI)
dsorption.

.10. Modeling of the continuous system

The Bed Depth Service Time (BDST) model, proposed by
ohart and Adams [44] is based on physically measuring the
apacity of the bed at different breakthrough values. The BDST
odel states that bed height (Z) and service time (t) of a column
ears a linear relationship. The equation can be expressed as

= N0 × Z

C0V
− 1

KaC0
ln

(
C0

Cb
− 1

)
(5)

a
t
u
e

able 6
dsorption capacity of palm flower in various regeneration and reuse cycles

ycle of operation % Weight loss from original value (taken 4.5 g adsorbent

Weight (g) % Loss

irst cycle 2.84 36.7
econd cycle 2.59 8.76
hird cycle 2.55 1.54

tudies were conducts in presence of 100 mg/L COD and desorption with 100 mL of
ion = 16.56 mg/L, COD = 0 mg/L and pH 4.5); (b) BDST model plot for
r(III) biosorption by palm flower (flow rate = 4.3 mL/min, initial concentra-

ion = 16.6 mg/L, pH 4.5).

he parameters N0 and Ka can be calculated from the slope of
he linear plot of tb versus Z.

Fig. 10a shows the breakthrough curves of Cr(III) adsorption
nto palm flower at different bed depths (6, 12, 19 and 25 cm).
he column service time was selected as the time when the
ffluent Cr(III) concentration reached 1 mg/L, which is the per-
issible discharge standard as per Bureau of Indian Standards

BIS). The plot of service time against bed height at a flow rate
f 4.3 mL/min (Fig. 10b) was linear (R2 = 0.9971), indicating the
alidity of BDST model for the present system. The computed
0 and Ka were 1284 mg/L and 9.98 L/mg h, respectively. If Ka

s large, even a short adsorbent bed can avoid breakthrough, but

s Ka decreases, a progressively longer adsorbent bed is required
o avoid the breakthrough. The BDST model parameters can be
seful to scale up the process for other flow rates without further
xperiments.

) Adsorption

Capacity (mg/g) % Reduction adsorption capacity

5.754 100
3.709 64.45
3.62 62.91

5N H2SO4.
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. Conclusions

Batch kinetic and equilibrium experiments were conducted
o determine the trivalent and hexavalent chromium adsorp-
ion rate and adsorption capacities of palm flower (male). The
dsorption was a very fast process and in most of the cases,
dsorption followed second-order kinetics. In case of Cr(VI)
dsorption, first it was reduced to Cr(III) with the help of tan-
in and phenolic compounds and subsequently got adsorbed.
dsorption equilibrium data was fitting well with most of the
ell-known models. Acid treatment significantly increased the
r(VI) adsorption capacity of palm flower. However, there was
reduction in Cr(III) adsorption capacity by the acid washed

dsorbents. Alkali treatment reduced the adsorption capacity of
alm flower for both Cr(III) and Cr(VI). Regeneration studies
ere carried out to evaluate the reuse potential of the biosor-
ent. FT-IR spectrum showed the functional group changes
uring adsorption of Cr(III) and Cr(VI). Column studies were
onducted to generate the information for scale-up of the pro-
ess.
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