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bstract

Cassia fistula is a fast-growing, medium-sized, deciduous tree which is now widely cultivated worldwide as an ornamental tree for its beautiful
howy yellow flowers. Methods are required to reuse fallen leaves, branches, stem bark and pods when they start getting all over lawn. This
nvestigation studies the use of these non-useful parts of C. fistula as naturally occurring biosorbent for the batch removal of Ni(II) in a well
tirred system under different experimental conditions. The data showed that the maximum pH (pHmax) for efficient sorption of Ni(II) was 6 at
hich evaluated biosorbent dosage, biosorbent particle size, initial concentrations of Ni(II) and sorption time were 0.1 g/100 mL, <0.255 mm, up

o 200 mg/L and 720 min, respectively. The experimental results were analyzed in terms of Langmuir and Freundlich isotherms. The Langmuir
sotherm model fitted well to data of Ni(II) biosorption by C. fistula biomass as compared to the model of Freundlich. The kinetic studies showed
hat the sorption rates could be described better by a second order expression than by a more commonly applied Lagergren equation. The magnitude
f the Gibbs free energy values indicates spontaneous nature of the sorption process. The sorption ability of C. fistula biomass for Ni(II) removal

ends to be in the order: leaves < stem bark < pods bark. One hundred percent Ni(II) removal was achieved when the initial Ni(II) concentration
as 25 mg/L. Due to its outstanding Ni(II) uptake capacity, C. fistula biomass proved to be an excellent biomaterial for accumulating Ni(II) from

queous solutions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ni(II) is known environmental pollutant so its removal is of
ajor importance as compared to other heavy metals. Ni(II) is

requently encountered together in industrial wastewaters, such
s mine drainage, metal plating, paint and ink formulation and
orcelain enameling [1]. Conventional methods such precipita-
ion, oxidation/reduction, ion-exchange, filtration, membranes
nd evaporation are extremely expensive or inefficient for metal
emoval from dilute solutions containing 1–100 mg/L of dis-
olved metal. In this context the biosorption process has been
ecently being evaluated. The major advantages of biosorp-

ion of over conventional treatment methods include, low cost;
igh efficiency; minimization of chemical or biological sludge;
o additional nutrient requirement; possibility of regeneration
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f biosorbent and metal recovery [1,2]. The mechanism of
iosorption is complex, mainly comprising of ion-exchange,
helations, adsorption by physical forces, entrapment in inter
nd intra-fibular capillaries and spaces of structural polysac-
harides network. Abundant materials have been suggested as
otential biosorbent for heavy metals [1–3]. Numerous chemical
roups have been suggested to contribute to biosorptive metal
ptake [2]. The suggested groups include carboxyl, hydroxyl,
arbonyl, sulfhydryl, thioether, sulfonate, amine, imine, amide,
midagole, phosphonate, and phospho-diester groups. The effi-
iency of biomass depends on factors such as number of sites
n the biosorbent material, their accessibility and chemical state
i.e. availability), and the affinity between site and metal (i.e.,
inding strength) [3–7].

This study was carried out to optimize the laboratory con-

itions for the maximum biosorption of Ni(II) from aqueous
olutions by Cassia fistula biomass. C. fistula belongs to family:
abaceae, genus: Cassia, species: fistula. Its common names
re Amaltas, Canafistula, Golden Shower, and Indian Labur-

mailto:hnbhatti2005@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2006.06.040
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um. It is a medium sized deciduous tree, 6–9 m tall with a
traight trunk and spreading branches. This plant was chosen as
iosorbent material because of its relative abundance in tropi-
al countries and lack of information about its sorption abilities
owards biosorption of Ni(II). The influence of different exper-
mental parameters such as pH, biosorbent dosage, biosorbent
article size, initial concentrations of Ni(II) and sorption time
n Ni(II) uptake was evaluated.

. Materials and methods

.1. Reagents

All the chemical reagents used in these studies were of ana-
ytical grade, including NiSO4·6H2O (Merck), Conc. HNO3
Merck) and Ni(II) atomic absorption spectrometry standard
olution (1000 mg/L) (Fluka Chemicals).

.2. C. fistula biomass

In the present study six different parts of C. fistula biomass
ere selected include leaves, stem bark, pods bark, branches,
ods internal mass and pods bark ash. C. fistula biomass used in
his work was harvested from University of Agriculture, Faisal-
bad, Pakistan, sampled, extensively washed with distilled water
o remove particulate material from their surface, and oven dried
t 60 ◦C for 72 h. One kilogram of biomass was sub sampled for
se in the experiments. In order to ensure that homogeneous sam-
les were collected, standard sampling techniques were applied.
ried biomass was cut, ground using food processor (Moulinex,
rance) and then sieved through Octagon siever (OCT-DIGITAL
527-01) to obtain adsorbent with homogenous known particle
ize. The fraction with <0.255–0.710 mm was selected for use
n the sorption tests. The sieved six sorbents were stored in an
ir tight plastic container for further experiments.

.3. Ni(II) solutions

Stock Ni(II) solution (1000 mg/L) was prepared by dis-
olving 4.48 g of NiSO4·6H2O in 100 mL of deionized dis-
illed water (DDW) and diluting quantitatively to 1000 mL
sing DDW, Ni(II) solutions of different concentrations were
repared by adequate dilution of the stock solution with
DW. Glassware and polypropylene flasks used were overnight

mmersed in 10% (v/v) HNO3 and rinsed several times with
DW.

.4. Determination of the Ni(II) contents in the solutions

The concentration of Ni(II) in the solutions before and
fter the equilibrium was determined by flame atomic absorp-

ion spectrometry (FAAS), using a Perkin-Elmer AAnalyst 300
tomic absorption spectrometer equipped with an air–acetylene
urner and controlled by Intel personal computer. The hollow
athode lamp was operated at 15 mA and the analytical wave-
ength was set at 232 nm.

3

b
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.5. Batch biosorption studies

In all sets of experiments fixed volume of Ni(II) solu-
ion (100 mL) was thoroughly mixed with desired biosorbent
ose (0.05, 0.1, 0.2 and 0.3 g) and size (<0.255, 0.255–0.355,
.355–0.500 and 0.500–0.710 mm) at 30 ◦C and 100 rpm up to
4 h. To check the influence of pH, initial metal concentration
nd contact time different conditions of pH (3, 4, 5, 6, 7 and 8),
nitial metal concentration (25, 50, 100, 200, 400 and 800 mg/L)
nd contact time (15, 30, 60, 120, 240, 480, 720 and 1440 min)
ere evaluated during study. For adjusting the pH of the medium
.1N solutions of NaOH and HCl were used. The flasks were
laced on a rotating shaker (PA 250/25. H) with constant shak-
ng. At the end of the experiment, the flasks were removed from
he shaker and the solutions were separated from the biomass by
ltration through filter paper (Whatman No. 40, ashless). Pre-

iminary tests were performed at 30 ◦C using an initial Ni(II)
oncentration of 100 mg/L (initial pH 6.0), and 100 rpm for
creening studies. The sorption time was 24 h and the equilib-
ium on Ni(II) uptake was attained.

.6. Metal uptake

The Ni(II) uptake was calculated by the simple concentra-
ion difference method [4]. The initial concentration Ci (mg/L)
nd metal concentrations at various time intervals, Ce (mg/L),
ere determined and the metal uptake qe (mg metal adsorbed/g

dsorbent) was calculated from the mass balance equation (Eq.
1)) as follows:

e = (Ci − Ce)V/1000w (1)

here V is the volume of the solution in mL and w the mass of
he sorbent in g.

.7. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was used to detect vibration frequency
hanges in the C. fistula biomass. The spectra were col-
ected by FTS-135 (Bio-Rad) spectrometer within the range
00–4000 cm−1 using a KBr window. The background obtained
rom the scan of pure KBr was automatically subtracted from
he sample spectra. Spectra were plotted using the same scale
n the absorbance axis.

.8. Statistical analysis

All data represent the mean of three independent experiments.
ll statistical analysis was done using Microsoft Excel 2004,
ersion office Xp.

. Results and discussion
.1. Influence of initial pH

It is well known that the pH of the medium affects the solu-
ility of metal ions and concentration of the counter ions on the
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Fig. 1. Effect of pH on the bioso

unctional groups of the biomass cell walls, so pH is an important
arameter on biosorption of metal ions from aqueous solutions.
. fistula presents a high content of ionizable groups such as
arboxyl, aldehydic, ketonic, alcoholic, and amino groups. Pres-
nce of these groups was confirmed by FTIR spectroscopic
nalysis (discussed in Section 3.11). As shown in Fig. 1 the
ptake of free ionic Ni(II) depends on pH, increasing with the
ncrease in pH from 3.0 to 6.0 and then decreasing in the range
.0–8.0. Similar results have been reported in literature for dif-
erent metal-biomass systems [5–8]. At pH values lower than
.0, Ni(II) removal was partially inhibited, possibly as a result of
he competition between hydrogen and Ni(II) ions on the sorp-
ion sites, with an apparent preponderance of hydrogen ions,
hich restricts the approach of metal cations as in consequence
f the repulsive force. At pH value above isoelectric point, there
s a net negative charge on the biomass cells and the ionic
tate of ligands is such to promote the uptake of metal ions.
s the pH lowered, however, the over all surface charge on the
iomass cells become positive, which will inhibit the approach
f positively charge metal cations. It is likely that protons will
hen compete with metal ions for ligands and thereby decrease
he interaction of metal ions with the cells [9]. The ionization
onstants of a number of carboxylic acids are above pH 5, so a
iomass having carboxylic functional group has positive charge
bove this pH and negative charge below this pH. The inten-
ity of induced charge on carboxylic group depends upon how
ower or higher is the pH. At lower pH values carboxyl groups
etained their protons reducing the possibility of binding to any
ositively charged ions. Whereas at higher pHs above 5, the
arboxylate (–COO−) ligands attract positively charged metal
ons and binding occurs, indicating that the major process is an
on exchange mechanism that involve an electrostatic interaction
etween the positively charged groups in cell walls and metallic
ations [9–11]. Therefore further experiments were carried out
ith initial pH value 6 since NiSO4 hydrolyzes into insoluble
i(OH)2, which starts precipitating from solutions at higher pH
alues, making true sorption studies impossible, similar results
ave been reported for metal biosorption studies in literature

9–13]. One of the most important aspects that have to be eval-
ated in a biosorption study is the selection of suitable part of
iomass able to sequester the largest amounts of metal of inter-
st from its solution. One possible preliminary test that may

N
b
m
r

of Ni(II) by C. fistula biomass.

e used to perform this selection is the effect of pH on metal
ptake capacity of biomass (Fig. 1). This experimental proce-
ure has been also used in other works [14–16] and it can give
rough characterization of the selected biomass mainly when

onic exchange is the prevalent mechanism in the removal of
eavy metals from their solutions [17]. Keeping previous stud-
es in mind leaves, stem bark and pods bark of C. fistula biomass
aving qe more than 35 mg/g at pH 6 were selected for further
iosorption studies.

.2. Effect of biosorbent dose

Biosorbent dose is a significant factor to be considered for
ffective metal sorption. It determines the sorbent–sorbate equi-
ibrium of the system [18]. The dependence of Ni(II) sorption
n dose was studied by varying the amount of C. fistula biomass
rom 0.05 to 0.3 g/100 mL, while keeping other parameters (pH,
orbent particle size, initial metal concentration and contact
ime) constant. An increase in the amount of C. fistula biomass
aused the sorptive capacity, qe, to be reduced (Fig. 2). This
ffect was also reported in literature for biosorption phenomenon
f heavy metals [12,19]. The effect was most marked with the
orption of Ni(II) by stem bark. In looking at this effect, it was
ertinent to examine the data in relation to the theoretical max-
mum, assuming that all of the metal ions would be sorbed onto
he C. fistula biomass. The results demonstrated that the biomass
oncentration strongly affected the amount of metal removed
rom aqueous solutions. Moreover, as the biomass concentra-
ion rises, the maximum biosorption capacity drops, indicating
oorer biomass utilization (lower efficiency). The results can
e explained as a consequence of a partial aggregation, which
ccurs at high biomass concentration giving rise a decrease of
ctive sites [11,19–21].

.3. Effect of particle size of biosorbent

The effect of altering the sorbents particle size on the qe
mg/g) showed that, there was a more dominant removal of

i(II) by the smaller particles (Fig. 3). This was most proba-
ly due to the increase in the total surface area, which provided
ore sorption sites for the metal ions. At smaller particles the

emoval efficiency for pods bark was maximum among three
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Fig. 2. Effect of sorbent dose on the biosorption of Ni(II) by C. fistula biomass.
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Fig. 3. Effect of different sorbent particle si

ested biosorbents while became almost the same for remaining
wo. This was not the case with the sorption of Ni(II) for the
arger particle size. The enhanced removal of sorbate by smaller
articles has been noted previously during a study for the color
emoval by silica [22].

.4. Effect of initial metal concentration
The rate of adsorption is a function of the initial concentra-
ion of metal ions, which makes it an important factor to be
onsidered for effective biosorption [18]. In general, the data
evealed that sorption capacity increased with increase in ini-

3

t

Fig. 4. Effect of different initial metal concentration
biosorption of Ni(II) by C. fistula biomass.

ial metal ion concentration for Ni(II) on sorbents (Fig. 4). This
orption characteristic represented that surface saturation was
ependent on the initial metal ion concentrations. At low con-
entrations, adsorption sites took up the available metal more
uickly. However, at higher concentrations, metal ions need
o diffuse to the biomass surface by intraparticle diffusion and
reatly hydrolyzed ions will diffuse at a slower rate [23].
.5. Equilibrium modeling

Modeling the equilibrium data is fundamental for the indus-
rial application of biosorption since it gives information for

on biosorption of Ni(II) by C. fistula biomass.
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Fig. 5. Linearized Langmuir isotherm plot for biosorption of Ni(II) by C. fistula biomass.
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Fig. 6. Linearized Freundlich isotherm plo

omparison among different biomaterials under different oper-
tional conditions, designing and optimizing operating proce-
ures [24]. To examine the relationship between sorbed (qe) and
queous concentrations (Ce) at equilibrium, sorption isotherm
odels are widely employed for fitting the data, of which the
angmuir and Freundlich equations are the most widely used.
he Langmuir and Freundlich adsorption constants evaluated

rom the isotherms with correlation coefficients are presented in
able 1. To get the equilibrium data, initial Ni(II) concentrations
ere varied while the biomass weight in each sample was kept

onstant. Twenty-four hours of equilibrium periods for sorption
xperiments were used to ensure equilibrium conditions. This
ime was chosen considering the results of kinetics of metal

emoval found in literature. The Langmuir (Fig. 5) model better
epresented the sorption process, in comparison to the model of
reundlich (Fig. 6) due to high value of correlation coefficient
Table 1). The Langmuir parameters can be determined from a

w
c
u
l

able 1
angmuir and Freundlich isotherm parameters for Ni(II) uptake by C. fistula biomass

iosorbent Langmuir isotherm parameters Experim

Xm (qmax) (mg/g) KL (L/mg) R2 qmax (m

eaves 163.93 0.0126 0.9707 145.29
tem bark 172.41 0.0020 0.9595 148.40
ods bark 196.07 0.0345 0.9813 188.40
iosorption of Ni(II) by C. fistula biomass.

inearized form of equation (Eq. (2)), represented by:

e/qe = 1/XmKL + Ce/Xm (2)

here qe is the metal ion sorbed (mg/g), Ce the equilibrium
oncentration of metal ion solution, Xm and KL are Langmuir
onstants. Sorption of Ni(II) by all biosorbents followed well
angmuir isotherm, which represents that monolayer of sorbate

s formed on each biosorbent. Adsorption-partition constants
ere determined for Ni(II) using the following log form of the
reundlich isotherm (Eq. (3)):

og qe = (1/n)log Ce + log K (3)
here qe is the metal ion sorbed (mg/g), Ce the equilibrium
oncentration of metal ion solution, mg/L, K and n are Fre-
ndlich constants. The constants K and 1/n were determined by
inear regression from the plot of log qe against log Ce. K is a

ental value Freundlich isotherm parameters

g/g) qmax (mg/g) K (mg/g) R2 1/n

149.94 7.44 0.7890 0.5045
169.43 6.78 0.8317 0.5272
173.44 29.13 0.7651 0.3132
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easure of the degree or strength of adsorption, while 1/n is
sed as an indication of whether adsorption remains constant (at
/n 1= 1) or decreases with increasing adsorbate concentrations
with 1/n �= 1). The qmax value is the maximum value of qe, which
s important to identify which biosorbent has the highest metal
ptake capacity and as such useful in scale-up considerations.
he magnitude of the experimental qmax for C. fistula biomass
ere found to span to a range of values (145.29–188.40 mg/g), its

omparison with theoretically calculated qmax values from Lang-
uir and Freundlich isotherm models is presented in Table 1.

n present study maximum sorptive capacity was observed for
. fistula pods bark suggesting that it is a potential biosorbent

or removal of Ni(II) from industrial wastewater as compared to
ther tested biosorbents.

.6. Separation factor (RL)

The shape of the Langmuir isotherm can be used to predict
hether a sorption system is favorable or unfavorable in a batch

dsorption process [13]. Accordingly, the essential features of
he Langmuir isotherm was expressed in terms of a dimension-
ess constant called the equilibrium parameter, RL, which is
efined by the following relationship (Eq. (4)):

L = 1/(1 + KLCi) (4)

here RL is the a dimensionless equilibrium parameter or sep-
ration factor, KL the constant from Langmuir equation and Ci
he initial metal ion concentration of 100 mg/L. The parame-
er, RL, indicates the shape of the isotherm and nature of the
orption process. RL value between 0 and 1 represents favor-
ble isotherm. The values of RL for Ni(II) for C. fistula biomass
as calculated from Eq. (4) and plotted against initial metal ion

oncentration. The data showed that, the sorption of Ni(II) on
. fistula biomass increased as the initial metal ion concentra-

ion increased from 25 to 800 mg/L, indicating that adsorption
s even favorable for the higher initial metal ion concentrations
Fig. 7). The sorption process was favorable for Ni(II) removal at

ll concentrations investigated. According to this classification,
emoval ability tends to be in the order:

tem bark > leaves > pods bark

3

a

Fig. 7. Calculated separation factor (RL) profile for biosorption of Ni(II
Materials B139 (2007) 345–355

Above given order illustrates that initially equilibrium for
i(II) uptake was more favorable for stem bark as compared

o leaves and pods bark (Fig. 7), although its sorption capac-
ty lies intermediate between leaves and pods bark (Table 1).
he trend presented by RL in Fig. 7 is also providing infor-
ation that the C. fistula biomass is more effective and excel-

ent adsorbent for Ni(II) at lower metal concentrations (up to
00 mg/L).

.7. Surface coverage values (θ)

To account for the adsorption behavior of the Ni(II) on the C.
stula biomass, the Langmuir type equation related to surface
overage was used. The equation is expressed as follows (Eq.
5)):

Ci = θ/1 − θ (5)

here K is the adsorption coefficient, Ci the initial concentration
nd θ the surface coverage.

The fraction of biomass surface covered by metal ion was
tudied by plotting the surface coverage values (θ) against Ni(II)
oncentration. The data is presented in Fig. 8. The figure shows
hat, increase in initial metal ion concentration for C. fistula
iomass increases the surface coverage on the biomass until
he surface is nearly fully covered with a monomolecular layer.
urther examination of Fig. 8 reveals that the surface coverage
eases to vary significantly with concentration of Ni(II) at higher
evels and the reaction rate becomes independent of the Ni(II)
oncentration. Surface coverage value for different sorbents of
. fistula biomass was in following order:

ods bark > leaves > stem bark

Surface coverage value indicated that pods bark was more
ffective in uptake of Ni(II) from aqueous solutions at all initial
oncentrations as compared to other parts of C. fistula biomass,
valuated in study.
.8. Distribution coefficient (D)

The relativeness of the biomass in removing the Ni(II) from
queous solution was evaluated in terms of the distribution

) as function of initial metal concentration by C. fistula biomass.
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oefficient, D, which can be defined as “the ratio of the metal
on concentration in the adsorbent phase, to the concentration
n the aqueous phase, Mn+ sol”. Table 2 shows the value of

for a range of Ni(II) concentrations. The results show that
he concentration of Ni(II) at the sorbent–water interface is
igher than the concentration in the continuous aqueous phase.
his suggests that the biomass is effective in the removal of
i(II) from aqueous systems. The nature of the sorbed species
ay be deduced from the fact that the metal ion is divalent.
his indicates that two molecules of biomass were associ-
ted with Ni(II). Hence the composition of the sorbed com-
lex and the probable mechanism may be given as follows
Eq. (6)):

2+ + 2B – OH ↔ M(BO)2 + 2H+ (6)

here M2+ is divalent metal ion, B is biomass molecule, OH is
ydroxyl group and H+ is proton.

.9. Gibbs free energy (�G
◦
ads)

The thermodynamics of the exchange process depends on the
umber of water molecules (n) replaced by the Ni(II). Since the
ost probable value of n is 2, the apparent Gibbs free energy of
he adsorption processes (�G
◦
ads) corresponding to Ni(II) on the

iomass are evaluated using the Bockris–Swinkel’s adsorption
sotherm equation as reported previously [25] with n = 2 and

able 2
istribution ratios, D, and apparent Gibbs free energy �G

◦
ads (kJ mol−1) of

i(II) between C. fistula biomass and aqueous phase

i (mg/L) Leaves Stem bark Pods bark

D �G
◦
ads D �G

◦
ads D �G

◦
ads

25 0.695 −24.686 0.663 −20.419 1.000 −26.865
50 0.550 −24.464 0.529 −20.359 0.881 −26.574
00 0.467 −24.230 0.458 −20.272 0.606 −26.343
00 0.683 −23.917 0.718 −20.093 0.869 −26.113
00 0.339 −23.667 0.359 −19.842 0.431 −25.973
00 0.183 −23.496 0.187 −19.545 0.237 −25.894
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tration of Ni(II) (mg/L) for C. fistula biomass.

-values. The equation is expressed as (Eq. (7)):

G
◦
ads = −2.303RT log

×
[
{55.4θ/Ci(1 − θ)}

{
θ + n(1 − θ)n−1

nn

}]
(7)

here Ci is the initial concentration of Ni(II) ion in the solu-
ion. The values of �G

◦
ads were then evaluated with n = 2

t various initial metal ion concentrations. The data is docu-
ented in Table 2. The negative values of �G

◦
indicate the

pontaneous adsorption nature of Ni(II) ion by the C. fis-
ula adsorbents and suggest strong adsorption of Ni(II) ions
n the biomass surface. In general, it is of note that up to
20 kJ/mol are consistent with electrostatic interaction between

harged molecules and surface indicative of physisorption
hile more negative than −40 kJ/mol involve chemisorption,
hether values between −20 to −40 kJ/mol indicate that both
hysisorption and chemisorption were responsible for adsorp-
ion. The order of magnitude of the values indicates a physi-
al plus chemical mechanism for the adsorption of Ni(II) ions
n to the C. fistula biomass except for C. fistula stem bark
hich followed physisorption at higher concentrations (400 and
00 mg/L).

.10. Biosorption kinetics of Ni(II)

In order to investigate the mechanism of biosorption and
otential rate controlling step, such as mass transport and chem-
cal reaction processes, kinetic models have been used to test
he experimental data. Moreover, information on the kinetics of

etal uptake is required for selecting of optimum conditions for
ull scale batch metal removal processes [26]. A kinetic study
ith different time intervals with fixed metal and biosorbent con-

entration was performed and the obtained results are presented
able 3. In first few minutes biosorption was sharp probably
ue to decrease in pH of solution because of proton released by

he biosorbent. The rapid initial sorption was likely due to extra
ellular binding and slow sorption phase likely resulted from
ntracellular binding. Maximum biosorption of Ni(II) occurred
n pods bark.
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Table 3
Sorption kinetics of Ni(II) onto C. fistula biomass

Biosorbent t (min) Ci (mg/L) Ce (mg/L) q (mg/g) % removal

Leaves

15

197.44 ± 0.05

112.47 ± 0.01 84.97 43.03
30 101.14 ± 0.05 96.30 48.77
60 87.74 ± 0.04 109.70 55.56

120 83.59 ± 0.06 113.85 57.66
240 73.58 ± 0.04 123.86 62.73
480 60.49 ± 0.07 136.95 69.36
720 59.38 ± 0.08 138.06 69.92

1440 63.58 ± 0.01 133.86 67.79

Stem bark

15

197.17 ± 0.09

126.76 ± 0.02 70.41 35.71
30 115.28 ± 0.01 81.89 41.53
60 97.89 ± 0.01 99.28 50.35

120 96.47 ± 0.01 100.70 51.07
240 87.6 ± 0.03 109.52 55.54
480 73.49 ± 0.05 123.68 62.72
720 72.95 ± 0.04 124.22 63.00

1440 57.86 ± 0.01 139.31 70.65

Pods bark

15

197.56 ± 0.08

125.6 ± 0.02 71.96 36.42
30 100.23 ± 0.04 97.33 49.26
60 99.65 ± 0.05 97.91 49.55

120 87.29 ± 0.01 110.27 55.81
240 81.11 ± 0.02 116.45 58.94
480 72.37 ± 0.07 125.19 63.36
720 59.38 ± 0.08 138.18 69.94

w
a
T

l

T

t

w
q
t
s
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s
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w
i
w
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1440

Kinetics of adsorption by any biological material has been
idely tested by the first order expression given by Lagergren

nd pseudo second order approach (Figs. 9 and 10) [23,27,28].
he first order Lagergren equation (Eq. (8)) is [28]:

og(qe − q) = [log qe − {(kl,adst)/2.303}] (8)

he pseudo second order equation (Eq. (9)) is [24];

/q = 1/k2,adsq
2
e + t/qt (9)

here qe is the mass of metal adsorbed at equilibrium (mg/g),

t the mass of metal at time t (min), K1,ads the first order reac-
ion rate constant of adsorption (per min), K2,ads the pseudo
econd order rate constant of adsorption (mg/g min). A com-
arison between Lagergren pseudo first order and to pseudo

n
k
s
[

Fig. 9. Pseudo first order (Lagergren model) sorption
28.36 ± 0.04 169.20 85.64

econd order kinetic models is tabulated in Table 4. The Lager-
ren first order rate constant (k1,ads) and qe determined from the
odel indicate that this model failed to estimate qe since the

xperimental values of qe differed from those estimated. The
oefficients of correlation for the second order kinetic model
ere approximately equal to one at given temperature (30 ◦C

n present case) and the estimated values of qe also agreed
ith the experimental ones. Both facts suggest that the sorp-

ion of Ni(II) ions followed the second order kinetic model
hich relies on the assumption that biosorption may be the

ate-limiting step. The obtained kinetic information has a sig-

ificant practical value for technological applications, since
inetic modeling successfully replaces time and material con-
uming experiments, necessary for process equipment design
26].

kinetics plot of Ni(II) onto C. fistula biomass.
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Fig. 10. Pseudo second order sorption kinetics plot of Ni(II) onto C. fistula biomass.

Table 4
Comparison between adsorption rate constants, qe estimated and coefficient of correlation associated to the Lagergren pseudo first order and to pseudo second order
kinetic models

Biosorbent Pseudo first order kinetic model Experimental Pseudo second order kinetic model

qe (mg/g) K1,ads (min−1) R2 q (mg/g) qe (mg/g) K2,ads (g/mg min) h (mg/g min) R2

Leaves 34.64 6.51 × 10−4 0.9162 145.29 135.13 4.29 × 10−4 7.836 0.9998
S
P

3

i
b
m
t
s
s

o
–
t
W
b

tem bark 54.1 3.90 × 10−4 0.8826 148.40
ods bark 78.90 2.60 × 10−4 0.8995 188.40

.11. Fourier transform infrared (FTIR) studies

The FTIR spectroscopic technique is an important tool to
dentify some characteristic functional groups, which are capa-
le of adsorbing metal ions [29,30]. Pods bark is termed as

ore suitable biosorbent for Ni(II) uptake due to its high sorp-

ion capacity, in comparison to leaves and stem bark. The FTIR
pectra of C. fistula (pods bark) biomass before and after Ni(II)
orption is shown in Fig. 11. The spectra indicate the presence

a
p
g
y

Fig. 11. FTIR spectra of C. fistula (pods bark) biom
140.84 1.67 × 10−4 3.330 0.9963
169.49 8.14 × 10−5 2.340 0.9828

f carboxyl groups. Carboxylic acids display a broad, intense
OH stretching absorption from 3300 to 2500 cm−1, although
he bands are dominated by the –OH stretch due to bonded water.

eaker –CH stretch bands are superimposed onto the side of the
road –OH band at 3000–2800 cm−1. The bands observed at

bout 2851.45 cm−1 could be assigned to the –CH stretch. The
eaks located at 1632–1623 cm−1 are characteristics of carbonyl
roup stretching from aldehydes and ketones. The spectral anal-
sis before and after metal binding indicated that the –NH was

ass: (a) before and (b) after Ni(II) sorption.
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Table 5
Comparison of C. fistula with previously used biosorbents for the removal of
Ni(II) from aqueous effluents

Biosorbent qmax (mg/g) Reference

Cassia fistula (Pods bark) 188.40 Present study
Saccharomyces cerevisiae 0.46 [31]
Phanerochaete chrysosporium 0.39
Rice bran 100.00 [32]
Quercus ilex L. (Stem) 0.58
Quercus ilex L. (Leaf) 0.62 [33]
Quercus ilex L. (Root) 0.67
C
P

a
a
a
s
b
o
w

4

t
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s
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•

•
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[

[

[

[

[

[

[

[

[

[

[

ork biomass 10.10 [34]
olyporous versicolor 57.00 [35]

lso involved in metal biosorption. There was clear band shift
nd intensity decrease of the –NH band at 1443.12 cm−1. The
bsorbance of the peaks in the metal loaded sample was sub-
tantially lower than those in the raw sample. This indicated that
ond stretching occurred to a lesser degree due to the exchange
f hydrogen ions with Ni(II), and subsequently peak absorbance
as attenuated.

. Conclusions

C. fistula biomass was selected for studying biosorption due
o its originality as well as to access the possibility of utilizing
waste biomass to eradicate the metal pollution.

The following conclusions can be with drawn from present
tudy:

The harvesting of the C. fistula biomass is a relatively sim-
ple procedure, and can be obtained without excessive cost.
Thus, non-living biomass of C. fistula (pods bark) presents
sufficient biosorption capacity for Ni(II) ions, in comparison
with other types (sources) of biosorbent materials found in
literature (Table 5).
The obtained results show that pH, biomass size, biomass
dose, initial metal concentration and contact time highly affect
the overall metal uptake capacity of biosorbent.
The present results demonstrate that the Langmuir model fits
better than the Freundlich model for the adsorption equilib-
rium data in the examined concentration range.
The suitability of a pseudo second order chemical reaction for
the sorption of Ni(II) ions onto this biomass was apparent, as
this kinetic model describes adequately the largest part of the
process.
FTIR spectroscopic analysis described well metal uptake by
functional groups in the cell wall of the C. fistula (pods bark)
biomass. The functional groups involved in Ni(II) biosorption
included carboxyl, carbonyl, alcoholic, and amino groups.
cknowledgements
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