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ABSTRACT

The Kkinetics, equilibrium and thermodynamics of the biosorption of Cu(Il), Cd(Il) and Pb(II) onto Acacia
leucocephala bark powder from aqueous solution were investigated at different experimental conditions.
The biosorption characteristics of Cu(Il), Cd(Il) and Pb(II) ions on the bark powder was investigated with
respect to well-established effective parameters including the effect of pH, initial metal ion concentration,
biosorbent dosage, contact time and temperature. Optimum adsorption of Cu(Il), Cd(II) and Pb(II) took
place at pH values of 6.0, 5.0 and 4.0, respectively. Further, the biosorbent was characterized by Fourier
Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM). The Langmuir and
Freundlich equilibrium adsorption models were studied and observed to fit well. The Langmuir model
gives a better fit than the Freundlich model. The kinetic studies indicated that the biosorption process
of the metal ions followed well pseudo-second-order model. The thermodynamic parameters Gibbs free
energy (AG°), enthalpy (AH°), and entropy (AS°) changes were also calculated, and the values indicated
that the biosorption process was exothermic and spontaneous. It was concluded that A. leucocephala bark
powder can be used as an effective, low cost, and environmentally friendly biosorbent for the removal of
Cu(II), Cd(II) and Pb(II) ions from aqueous solution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals can enter a water supply from either industrial
activities such as microelectronics, electroplating, battery manu-
facture, metallurgical, and fertilizer industries or acid rain breaking
down soils and releasing heavy metals into streams, lakes, rivers,
and groundwater. Heavy metals are taken into the body via inhala-
tion, ingestion, and skin adsorption. Most are extremely harmful to
humans, animals and plants mainly because of their accumulation
in the body [1-4].

Cadmium is introduced into the water from smelting, metal
plating, cadmium-nickel batteries, phosphate fertilizers, mining,
pigments, stabilizers, alloy industries and sewage sludge [5]. The
harmful effects of Cd(IlI) include acute and chronic metabolic
disorders, such as itai-itai disease, renal damage, emphysema,
hypertension and testicular atrophy. Copper is one of the major
contaminants emanating from electrical, electroplating, and metal
finishing industries. It is often found in high concentrations near
mines, landfills and waste disposal sites. In human beings cop-
per toxicity causes itching and dermatization, keratinization of
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the hands and soles of feet [6,7]. Severe gastro-intestinal irrita-
tion and possible changes in the liver and kidney occur due to
intake of excessively large doses of copper [8]. Inhalation of cop-
per spray increases the risk of lung cancer among exposed workers
[9]. Lead is a particularly hazardous heavy metal because once it
gets into human body. It disperses throughout the body immedi-
ately and causes harmful effects wherever it lands. For example, it
can damage the red blood cells and limit their ability to carry oxy-
gen to the organs and tissues. It can also affect the nervous system,
kidneys and hearing [10]. In particular unborn babies and young
children are at risk of health problems from lead poisoning because
their smaller bodies make them more susceptible to absorbing lead
ions. Lead compounds are known as metabolic poison and enzyme
inhibitor [11].

The most widely used methods for heavy metal removal from
wastewaters include chemical precipitation and filtration, electro-
chemical treatments, reverse osmosis, ion exchange, evaporation,
preconcentration, adsorption and biosorption. Among these meth-
ods, biosorption is an emerging and attractive method which
involves sorption of dissolved substances by a biomaterial. In
addition, the main advantages of this technique can be ordered
as follows: the reusability of biomaterial, low operating cost,
improved selectivity for specific metals of interest, removal of
heavy metals from effluent irrespective of toxicity, short operation
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time, and no production of secondary compounds. In recent years,
anumber of agricultural and forestry by-products such as rice husk
[12], pine bark [13], saw dust [14], technical lignin [15], and cork
biomass [16] have been used for heavy metal removal from waters
and wastewaters.

Acacia leucocephala’s native range through South and Southeast
Asia is non-contiguous. Its largest continuous distribution is arid
India through Sri Lanka, Bangladesh, Burma and much of Thailand.
A. leucocephala is an important dry-season fodder and pasture tree
throughout its range. Leaves, tender shoots and pods are eagerly
eaten by goats, sheep and cattle. All mature A. leucocephala put
on an annual layer of bark, which contributes to the increasing
diameter of the stems. In some species the outermost layer dies
and is annually deciduous either in long strips or in variably sized
flakes. Due to the high number of A. leucocephala trees in India,
massive amounts of barks (as waste) are disposed. Various biosor-
bents were chemically modified to increase the efficiency of metal
ionremoval. This chemical modification has either been too expen-
sive or it has caused other problems, such as bleeding of excessive
quantities of colored organic compounds, odor, or further pollution
through the use of toxic chemicals. Hence attempts are made in this
study to develop an inexpensive adsorbent for the removal of metal
ions from aqueous solutions using A. leucocephala bark powder by
simple treatment of washing with water.

The aim of the present work was to investigate the possible use
of A. leucocephalabark powder as an alternative biosorbent material
for removal of Cu(II), Cd(II) and Pb(II) ions from aqueous solutions.
The study includes an evaluation of the effects of various process
parameters such as pH, initial metal ion concentration, adsorbent
dosage, contact time and temperature. The kinetic models and equi-
librium isotherm models and thermodynamic parameters related
with the process were performed.

2. Materials and methods
2.1. Materials

A. leucocephala bark was collected from a local A. leuco-
cephala tree near Pullampet, Kadapa District, Andhra Pradesh, India,
for the preparation of biosorbent. All the necessary chemicals
Cu(NO3),-3H,0, Cd(NO3),-4H,0 and Pb(NO3), were of analytical
grade and obtained from M/S Qualigens Fine Chemicals, Mumbai,
India. HCl and NaOH, used to adjust pH, were obtained from S.D.
Fine Chemicals, Mumbai, India. H,SO4 was used to remove color
material from the biosorbent was purchased from S.D. Fine Chem-
icals, Mumbai, India. Atomic adsorption spectrophotometer (AAS;
Model AA 6300, Shimadzu, Japan) was used for determination of
Cu(II), Cd(II) and Pb(II) before and after adsorption. The pH of the
solution was measured with a Digisun electronics digital pH meter
using solid electrode calibrated with standard buffer solutions.

2.2. Preparation of biosorbent

A. leucocephala bark was thoroughly washed with distilled water
to remove mud and dirt. Then A. leucocephala bark powder was
soaked in 0.1N NaOH to remove lignin based color materials fol-
lowed by 0.1N H,SO4. Finally it was washed with distilled water
several times and dried in an oven at 80°C for 6 h and cooled at
room temperature in desiccators. The dried bark was ground to
fine powder and used as biosorbent without any pretreatment for
Cu(II), Cd(II) and Pb(II) adsorption.

2.3. Characterization of biosorbent

Characterization of the biosorbent was carried out by Fourier
Transform Infrared Spectroscopy (FTIR; Model 200 series, Ther-

monicolet, Germany) to determine the type of functional groups
on the biosorbent and Scanning Electron Microscopy (SEM; Model
Evo15, Carl Zeiss, England) was used to study the surface morphol-
ogy of the biosorbent.

FTIR shows the main functional groups of A. leucocephala bark
powder are —-COOH, —-OH and -NH,. To most adsorbents, the sites
responsible for the adsorption process are due to the -COOH, -OH
and -NH;:

S-COOH + M™ — S-COOH™D+ 4y H+
S-OH + M"™ — S-OMM=1D+ L H+

S-NH; +M"™ — S-NM("-2)+ 4 oH*

where S denotes of the adsorbent surface.
2.4. Preparation of Cu(Il), Cd(Il) and Pb(1l) standards

The stock solutions containing 1000 mg/L of Cu(Il), Cd(II) and
Pb(Il) were prepared by dissolving 3.801g of Cu(NOs),-3H,O0,
2.744 g of Cd(NO3),-4H,0 and 1.598 g of Pb(NOs3 ),. The desired con-
centrations were prepared from stock solutions for carrying out
experiments.

2.5. Batch adsorption studies

In order to explore the effect of pH, contact time, temperature,
quantity of adsorbent, and the initial concentration of adsorbate,
a series of batch experiments were conducted. Batch adsorption
experiments were performed by agitating specified amount of
adsorbent in 100 mL of metal solution of desired concentration
at varying pH in 125 mL stoppered bottles. The sample was then
filtered using Whatman No. 42 filter paper and analyzed for the
concentration of metal ions remaining in the solution. The adsorp-
tion studies were conducted at 30, 40, and 50 °C. The metal removal
efficiency (R) is calculated from Eq. (1):

_ G-C
=~
where C; and C, are initial and equilibrium metal concentrations,
respectively. The metal uptake capacity, g, can also be calculated
from Eq. (2):

(G —Ce)V

g GV ()

where g (mg/g) is the adsorption capacity of the biosorbent at any
time, M (g) is the adsorbent dosage, and V (L) is the volume of the
solution.

R x 100 (1)

3. Results and discussion
3.1. Characterization

FTIR spectra in the range of 4000-400 cm~! for the raw A. leu-
cocephala bark powder and the A. leucocephala bark powder loaded
with Cu(II), Cd(II) and Pb(II) are shown in Fig. 1. The FTIR spectro-
scopic characteristics are shown in Table 1. FTIR spectral analysis
demonstrated the existence negatively charged functional groups
(carboxyl, hydroxyl and amine) on the surface of A. leucocephala
bark powder. The broad band at 3434.8 cm~! in pure bark powder
is attributed due to hydroxyl (-OH) stretching or amine (-NH;)
stretching of polymeric compounds. This band appeared in the
lower region 3409.4-3423.3 cm~! in the FTIR spectra of bark pow-
der loaded with Cu(ll), Cd(Il) and Pb(II). The C=0 stretching of
pure bark powder as at 1611.3 cm~'. The IR band of C=0 stretch-
ing shifted to higher frequency due to involvement of carboxyl
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Fig. 1. FTIR spectra of Acacia leucocephala bark powder: (a) pure, (b) with Cu(II), (c)
with Cd(II), and (d) with Pb(II).

(-C=0) group in the adsorption process of metal ions with pure
bark powder. The other frequencies which were all most same
in all the FTIR spectra of pure bark powder, bark powder loaded
with Cu(Il), Cd(1I) and Pb(II). The —-CH, symmetric stretching vibra-
tions could be ascribed to the bands that appeared in the region
2922.4-2851.5cm~! and the bands present below 800cm™! are
finger print zone of phosphate and sulphur functional groups. The
analysis of the FTIR spectra showed the presence of ionizable func-

Table 1
Wave number (cm~') for dominant peak from FTIR.

10 um EHT =20.00 kv
WD =10.0 mm

Signal A=SE1
Mag= 100KX

Date 7 May 2009
Time :14:27:33

20 um EHT =20.00 kv
WD =10.0 mm

Signal A= SE1
Mag= 500X

Cate :7 May 2009

Time :14:25:22 W

Fig. 2. SEM micrographs of Acacia leucocephala bark powder surface: (a)
magnification100x and (b) 500x magnification.

tional groups (i.e. carboxyl, hydroxyl and amino) able to interact
with protons or metal ions. It considered sufficient to give an idea
about the presence of functional groups on the A. leucocephala bark
powder.

Scanning electro-micrographs (SEM) show the surface texture
and morphology of the biosorbent (Fig. 2). It is evident from the
micrograph (100x ) that the biosorbent has a well-defined rod clus-
tersinnet/matformat(100x ). At 500 x magnification, the single rod
of the biosorbent was focused, where an uneven surface texture
along with lot of irregular surface format was observed.

Functional groups of bark powder Pure bark powder

Bark powder loaded with Cu(II)

Bark powder loaded with Cd(II) Bark powder loaded with Pb(II)

O-H or NHj; stretching 3434.8 3409.4
CH, vibration 29224 29225
2851.5 -
C=0 stretching 1611.3 1627.3
CH bending 1447.8 1440.9
C-0 stretching = 1121.0
1016.5 -
Finger print —-SH, —-PO4 = 666.7
functional groups 604.3

530.4 505.6

34233 3421.7
29213 2919.6
1621.5 1611.7
14231 1493.2
1106.0 -
1048.3 1039.4
671.7 -
614.5 -
517.8 524.5
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Fig. 3. Effect of pH on the biosorption of Cu(Il), Cd(II) and Pb(Il) onto Acacia leu-
cocephala bark powder. Experimental conditions: for Cu(ll): initial conc. 100 mg|/L,
contact time 4 h, agitation rate 150 rpm. For Cd(I): initial conc. 100 mg/L, contact
time 4 h, agitation rate 150 rpm. For Pb(II): initial conc. 100 mg/L, contact time 4 h,
agitation rate 150 rpm.

3.2. Effect of pH

The pH has been identified as one of the most important param-
eter that is effective on metal sorption. It is directly related with
competition ability of hydrogen ions with metal ions to active
sites on the biosorbent surface [17]. Generally, metal biosorption
involves complex mechanisms of ion exchange, chelation, adsorp-
tion by physical forces, and ion entrapment in inter and intrafibrillar
capillaries and spaces of the cell structural network of a biosor-
bent [18,19]. The FTIR spectroscopic analysis showed that the A.
leucocephala bark powder has a variety of functional groups, such
as carboxyl, hydroxyl and amine and these groups are involved in
almost all potential binding mechanisms. Moreover, depending on
the pH values of the aqueous solutions these functional groups par-
ticipate in metal ion bindings. The effect of pH on the biosorption of
Cu(II), Cd(II) and Pb(II) ions onto A. leucocephala bark powder was
studied at pH 1-7 and the results are given in Fig. 3. The maximum
biosorption was observed at pH 6.0, 5.0 and 4.0 for Cu(lI), Cd(II)
and Pb(II), respectively. Therefore, the remaining all biosorption
experiments were carried out at this pH values.

The biosorption mechanisms on the bark powder surface reflect
the nature of the physicochemical interaction of the solution. At
highly acidic pH (pH < 1.0), the overall surface charge on the active
sites became positive and metal cations and protons complete for
binding sites on cell wall, which results in lower uptake of metal.
The biosorbent surface was more negatively charged as the pH
solution increased from 1.0 to 6.0. The functional groups of the
bark powder were more deprotonated and thus available for the
metal ions. Decrease in biosorption yield at higher pH (pH>6) is
not only related the formation of soluble hydroxylated complexes
of the metal ions (copper ions in the form of Cu(OH),, cadmium
ions in form of Cd(OH),, and lead ions in the form of Pb(OH), ) but
also to the ionized nature of the cell wall surface of the bark powder
under the studied pH.

3.3. Effect of biosorbent dose on biosorption

The biosorbent dosage is an important parameter because this
determines the capacity of a biosorbent for a given initial con-
centration. The biosorption efficiency for Cu(Il), Cd(II) and Pb(II)
ions as a function of biosorbent dosage was investigated (Fig. 4).
The percentage of the metal biosorption steeply increases with the
biosorbent loading up to 0.6 g/0.1 L. This result can be explained

100
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Fig. 4. Effect of biosorbent dosage level on the biosorption of Cu(II), Cd(II) and Pb(II)
onto Acacia leucocephala bark powder. Experimental conditions: for Cu(Il): initial
conc. 100 mg/L, contact time 4 h, pH 6.0. For Cd(II): initial conc. 100 mg/L, contact
time 4 h, pH 5.0. For Pb(Il): initial conc. 100 mg/L, contact time 4 h, pH 4.0.

by the fact that the biosorption sites remain unsaturated during
the biosorption reaction whereas the number of sites available for
biosorption site increases by increasing the biosorbent dose. More-
over, the maximum biosorption, 79.3% for Cu(Il), 82.5% for Cd(II)
and 87.5% for Pb(II), of the metal ions was attained at biosorbent
dosage, 0.6 g/0.1 L. Therefore, the optimum biosorbent dosage was
taken as 0.6 g/0.1L for further experiments.

3.4. Effect of contact time

The rate of biosorption is important for designing batch biosorp-
tion experiments. Therefore, the effect of contact time on the
biosorption of Cu(Il), Cd(II) and Pb(II) was investigated. The
biosorption yield of Cu(II), Cd(II) and Pb(II) increased considerably
until the contact time reached 180 min. Further increase in contact
time did not enhance the biosorption, so, the optimum contact time
was selected as 180 min for further experiments.

3.5. Biosorption kinetics

The prediction of biosorption rate gives important information
for designing batch biosorption systems. The Lagergren’s pseudo-
first-order, pseudo-second-order, and intraparticle diffusion model
were performed to the experimental data to clarify the biosorption
kinetics of Cu(II), Cd(II) and Pb(II) ions onto A. leucocephala bark
powder.

The linear form of the pseudo-first-order rate equation by the
Lagergren [20] is given as

Kq
log(ge — q) =logqe — mt (3)

where ¢, and g (mg/g) are the amounts of the metal ions sorbed at
equilibrium time (mg/g) and t (min), respectively, and K is the rate
constant of the equation (min~1). The sorption rate constants (K;)
can be determined experimentally by plotting of log(ge — q) vs. t.
Experimental data were also tested by the pseudo-second-order
kinetic model which is given in the following form [21]:
t 1 1
- = + —
q Kyq2 Qe
where K, (g/(mgmin)) is the rate constant of the second-order
equation, g (mg/g) is the amount of biosorption time t (min) and qe
is the amount of biosorption equilibrium (mg/g). The rate constants
(K3), the R? values are also given in Table 2.

(4)
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Table 2
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Parameters of pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. Experimental conditions: for Cu(ll): pH: 6.0, initial conc. 100 mg/L. Biosorbent
dosage: 0.6 g/0.1 L. For Cd(II): pH: 5.0, initial conc. 100 mg/L. Biosorbent dosage: 0.6 g/0.1 L. For Pb(II): pH: 4.0, initial conc. 100 mg/L. Biosorbent dosage: 0.6 g/0.1 L.

Metal ion Lagergren first-order Pseudo-second-order Weber and Morris
K; (min~1) R? SSE K> (g/(mg min)) R? SSE Kig (mg/(g min~02)) R? SSE
0.02 0.972 0.999 0.0002 0.995 0.106 3.125 0.934 0.873
cu(ln) 0.02 0.990 1.000 0.0002 0.999 0.034 4913 0.922 0.901
0.02 0.987 1.000 0.0002 0.999 0.016 6.374 0.919 0.916
0.02 0.987 1.000 0.0002 0.999 0.015 7.975 0.924 0.921
0.02 0.988 0.999 0.0005 0.996 0.032 2.478 0.858 0.898
cdan 0.02 0.978 0.999 0.0005 0.999 0.008 3.273 0.848 0.933
0.01 0.952 0.999 0.0005 0.999 0.004 3.658 0.905 0.950
0.02 0.932 0.999 0.0005 0.999 0.005 4.268 0.956 0.956
0.02 0.982 0.999 0.0001 0.992 0.262 3.000 0.971 0.858
P(II) 0.01 0.991 0.999 0.0001 0.994 0.112 5.353 0.985 0.873
0.01 0.988 0.999 0.0001 0.987 0.071 7.151 0.989 0.886
0.02 0.939 0.999 0.0001 0.996 0.068 9.526 0.963 0.886
The intraparticle diffusion equation is expressed as [22] region corresponds to the external surface uptake, the second stage
_ 05 relates the gradual uptake reflecting intraparticle diffusion as the
q=Kigt"> +C (5)

where g (mg/g) is the amount adsorbed at time t (min) and Kjq
(mg/(gmin—0>)) is the rate constant of intraparticle diffusion. C
is the value of intercept which gives an idea about the bound-
ary layer thickness, i.e. the larger intercept; the greater is the
boundary effect. The Weber Morris plot for adsorption of Cu(ll),
Cd(II) and Pb(Il) is given in Fig. 5. If the intraparticle diffusion
is the sole rate determining step, the plots of q vs. t% should
be linear and passing through the origin. The plots in the fig-
ure are multimodal with three distinct regions. The initial curved

rate limiting step and final plateau region indicates equilibrium
uptake. Based on the results it may be concluded the intraparti-
cle diffusion is only the rate determining step. The values of rate
constants and correlation coefficients for each model are shown in
Table 2.

As aresult, compared to pseudo-first-order and intraparticle dif-
fusion kinetic models, a good correlation coefficient was obtained
for pseudo-second-order kinetic model, which indicates that the
Cu(II), Cd(I1) and Pb(II) biosorption on the bark powder follows
pseudo-second-order rate expression.

Table 3
Langmuir and Freundlich isotherm constants and correlation coefficients for the biosorption of Cu(Il), Cd(Il) and Pb(II) onto Acacia leucocephala bark powder at different
temperatures.
Metal ion Temp. (K) Langmuir Freundlich
qm (Mg/g) Ki (L/mg) R? x° K; (mg/g) 1/n n R? X
303 147.1 2.94 0.998 43.25 4.35 0.780 1.28 0.998 911.1
Cu(11) 313 135.1 4.05 0.998 33.10 5.24 0.737 1.35 0.993 758.4
323 131.6 5.26 0.999 27.10 8.01 0.680 1.47 0.985 509.7
303 166.7 3.83 0.998 58.47 522 0.718 1.39 0.986 753.9
Cd(Ir) 313 147.1 4.71 0.999 40.43 6.24 0.795 1.26 0.989 650.6
323 131.6 5.92 0.999 27.06 8.01 0.904 1.11 0.985 509.7
303 185.2 7.41 0.996 57.13 7.47 0.804 1.24 0.987 748.2
Pb(II) 313 156.3 9.38 0.995 33.10 9.48 0.780 1.28 0.997 591.1
323 144.9 11.6 0.994 23.93 12.23 0.749 1.33 0.999 451.5
Table 4
Comparison of biosorption capacity (mg/g) of Acacia leucocephala bark powder for Cu(II), Cd(II) and Pb(II) on different biosorbents in the literature.
Biosorbent Cu(II) pH Cd(1n) pH Pb(II) pH References
Rice husk 29 5-6 - - - - [26]
Newspaper pulp 30 5.5 - - - - [27]
Tobacco dust 36 5.5 - - - - [28]
Saw dust 6.58 - - - 21.05 - [29]
Modified peanut husk 10.15 - - - 29.14 - [29]
Expanded perlite (EP) 8.62 5.0 - - 13.39 5.0 [30]
Mucor rouxii - - 20.31 6.0 - - [31]
Pantoea sp. - - 52 6.0 - - [32]
C. vulgaris - - 67 4.0 - - [33]
H. splendens - - 325 5.0 - - [34]
Ulva lactuca - - 29.2 5.0 34.7 5.0 [35]
Lactarius scrobicu latus - - 53.1 5.5 56.2 5.5 [36]
A. niger - - - - 32.60 4.0 [37]
P. putida - - - - 180.41 5.5 [38]
C. aphidicola - - - - 36.91 5.0 [39]
Parmelina tiliaceae - - - - 75.8 5.0 [40]
Lichen (C. furcata) - - - - 12.3 5.0 [41]
Syzygium cumini L. - - - - 32.47 6.0 [11]
Acacia leucocephala bark powder 1471 6.0 167.7 5.0 185.2 4.0 Present study
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Fig. 5. Weber and Morris plots for the biosorption of (a) Cu(ll), (b) Cd(II), and (c)
Pb(II) onto Acacia leucocephala bark powder. Experimental conditions: for Cu(Il):
pH 6.0, initial conc. 100 mg/L, biosorbent dosage 0.6 g/0.1 L. For Cd(II): pH 5.0, ini-
tial conc. 100 mg/L, biosorbent dosage 0.6 g/0.1L. For Pb(Il): pH 4.0, initial conc.
100 mg/L, biosorbent dosage 0.6 g/0.1 L.

3.6. Fitness of the biosorption kinetic models

The best fit among the kinetic models is assessed by the squared
sum of error (SSE) values. It is assumed that the model which gives
the lowest SSE values is the best model for metal ion sorption on
A. leucocephala bark powder. The SSE values were calculated by the
equation:

(qt,e — qt, m)
SSE = E: 2. (6)

where gt and q:,; are the experimental biosorption capacities of
metal ions (mg/g) at time t and the corresponding values that are
obtained from the kinetic models. SSE values for all the kinetic
models are calculated and are summarized in Table 2. Pseudo-
second-order model has lower SSE values indicating that the
adsorption of Cu(ll), Cd(Il) and Pb(II) on the biosorbent follows
second-order kinetic model.

3.7. Biosorption isotherm models

The capacity of bark powder can be described by equilibrium
sorption isotherms which express the surface properties and affin-
ity of the bark powder. In this study, the equilibrium adsorption
data were analyzed by both the Langmuir and Freundlich adsorp-
tion isotherms.

The Langmuir sorption isotherm has been successfully applied
to the biosorption processes of heavy metal ions. The basic assump-
tion of the Langmuir theory is that sorption takes place at specific
homogeneous sites within the sorbent. This model can be written
in non-linear form [23-25]:

e = qmKiCe
T 1+K.Ce

where . is the equilibrium metal ion concentration on the sorbent
(mg/g), Ce is the equilibrium metal ion concentration in the solu-
tion (mg/L), gm is the monolayer sorption capacity of the sorbent
(mg/g), and K| is the Langmuir sorption constant (L/mg) related to
the free energy of sorption. Fig. 6 shows the Langmuir plots at dif-
ferent temperature and the constants g and K; are tabulated in
Table 3.

On the other hand, Table 4 presents the comparison of biosorp-
tion capacity (qm; mg/g) of A. leucocephala bark powder for Cu(ll),
Cd(II) and Pb(II) ions with that of various biosorbents reported in lit-
erature [26-41,11]. The biosorption capacity of A. leucocephala bark
powder for Cu(II), Cd(II) and Pb(II) is higher than that of the majority
of other biosorbents mentioned. Therefore, it can be notewor-
thy that the A. leucocephala bark powder has important potential
for the removal of Cu(Il), Cd(Il) and Pb(Il) ions from aqueous
solution.

The Freundlich model assumes a heterogeneous sorption sur-
face. The Freundlich model [42] is

ge = KpCe'/™ (8)

(7)

where K; is a constant relating the biosorption capacity and 1/n is
an empirical parameter relating the biosorption intensity, which
varies with the heterogeneity of the material. Fig. 7 shows the Fre-
undlich plots at different temperature and the constants Kyand 1/n
are tabulated in Table 3.

3.8. x? analysis

To identify the suitable isotherm for biosorption of metal ions
onto A. leucocephala bark powder, the 2 analysis is carried out. The
mathematical statement for x2 analysis is to be written as [43]

X _ Z (e qeq;m) 9)

where ge,m is the equilibrium capacity obtained by calculating from
the model (mg/g) and g, is the experimental data on the equilib-
rium capacity (mg/g). The 2 values are presented in Table 3. If the
data from the model are similar to the experimental data, x? will
be a small number, while if they differ; x2 will be a bigger num-
ber. Therefore, it is necessary also to analyze the data set using
the non-linear Chi-square test to confirm the best-fit isotherm for
the biosorption system. The x2 values of both the isotherms are
comparable and hence the adsorption of metal ions follows both
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Fig. 6. Langmuir isotherm plots for the biosorption of (a) Cu(Il), (b) Cd(II), and (c)
Pb(II) onto Acacia leucocephala bark powder at different temperatures. Experimen-
tal conditions: for Cu(ll): pH 6.0, biosorbent dosage 0.6 g/0.1 L. For Cd(II): pH 5.0,
biosorbent dosage 0.6 g/0.1 L. For Pb(II): pH 4.0, biosorbent dosage 0.6 g/0.1 L.

Freundlich and Langmuir isotherms and better fits to Langmuir as
its x2 value is less than that of Freundlich model.

3.9. Biosorption thermodynamics

In order to describe thermodynamic behaviour of the biosorp-
tion of Cu(1I), Cd(II) and Pb(II) ions onto A. leucocephala bark powder,
thermodynamic parameters including the change in free energy
(AG®), enthalpy (AH°) and entropy (AS°) were calculated from
following equations:

AG® = —RT]I]KD (10)
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Fig. 7. Freundlich isotherm plots for the biosorption of (a) Cu(II), (b) Cd(II), and (c)
Pb(II) onto Acacia leucocephala bark powder at different temperatures. Experimen-
tal conditions: for Cu(Il): pH 6.0, biosorbent dosage 0.6 g/0.1L. For Cd(1I): pH 5.0,
biosorbent dosage 0.6 g/0.1 L. For Pb(II): pH 4.0, biosorbent dosage 0.6 g/0.1 L.

where R is the universal gas constant (8.314 x 1073 kJ/mol K), T is
the temperature (K) and Kp (ge/Ce) is the distribution coefficient
[44,45].

The enthalpy (AH°) and entropy (AS°) parameters were esti-
mated from the following equation:

AG®° = AH° — T AS° (11)
Eq. (11) can be written as

—RT InKp = AH° — T AS° (12)
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Fig. 8. Plot of InK; vs. 1/T for the estimation of thermodynamic parameters for
biosorption of Cu(II), Cd(II) and Pb(II) onto Acacia leucocephala bark powder.

Table 5
Values of thermodynamic parameters for the biosorption of Cu(Il), Cd(II) and Pb(II)
ions onto Acacia leucocephala bark powder.

Metal ion Temperature (K) AG° (kJ/mol) AS° (kJ/(molK)) AH° (k]J/mol)
303 -1.819 —0.036 -12.727
Cu(lr) 313 -1.993 —-0.036 -13.261
323 —2.522 —-0.036 —14.150
303 -1.892 —-0.032 —11.588
Cd(II) 313 —2.198 —-0.032 -12.214
323 —2.522 —0.032 —12.858
303 —3.876 —-0.057 -21.147
Pb(II) 313 —4.379 —-0.057 —22.220
323 —4.997 —-0.057 —23.408
or
AH°  AS°
InKp = ———+ + — 13
D RT R (13)

According to Eq. (13), the AH° and AS° parameters can be cal-
culated from the slope and intercept of the plot of InKp vs. 1/T
yields, respectively (Fig. 8). The values of AG°, AH°, and AS° for
the biosorption of Cu(ll), Cd(II) and Pb(Il) on the A. leucocephala
brak powder are given in Table 5. Negative values of AH® suggests
the exothermic nature of the adsorption and the negative values
of AG° indicate the spontaneous nature of the adsorption process.
However, the negative value of AG° decreased with an increase in
temperature, indicating that the spontaneous nature of adsorption
isinversely proportional to the temperature. The negative values of
AS° show the increased randomness at the solid/solution interface
during the adsorption process.

4. Conclusions

In this study, the use of A. leucocephala bark powder as a biosor-
bent was tested for removing of Cu(Il), Cd(II) and Pb(II) ions from
aqueous solution. The pH, initial metal ion concentration, biosor-
bent dosage, contact time, and temperature, were found to have
an effect on the biosorption efficiency of Cu(Il), Cd(II) and Pb(II).
The biosorption capacity of A. leucocephala bark powder followed
the order Pb(II)>Cd(II)> Cu(Il) at optimum conditions of pH 4.0,
5.0, and 6.0. Further, the biosorbent was characterized by Fourier
Transform Infrared Spectroscopy (FTIR) and Scanning Electron
Microscopy (SEM) techniques. The kinetic studies revealed that
the biosorption process best fit the pseudo-second-order kinetic
model. The study on equilibrium sorption revealed that Langmuir
isotherm model gave the best fit to experimental data. The cal-

culated thermodynamic parameters showed the exothermic and
spontaneous nature of the biosorption of Cu(Il), Cd(Il) and Pb(II)
ion onto A. leucocephala bark powder. Thus, it may be concluded
that A. leucocephala bark powder exhibited the potential for appli-
cation in treatment of aqueous solutions containing Cu(Il), Cd(II)
and Pb(II) ions.

References

[1] M. Soylak, L. Elci, M. Dogan, Flame atomic absorption spectrometric determi-
nation of cadmium, cobalt, lead and nickel in chemical grade potassium salts
after an enrichment and separation procedure, J. Trace Microprobe Technol. 17
(1999) 149-156.

[2] T.G.Kazi, N.]Jalbani, N. Kazi, M.B. Arain, M.K. Jamali, H.I. Afridi, G.A. Kandhro, R.A.
Sarfraz, A.Q. Shah, R. Ansari, Estimation of toxic metals in scalp hair samples of
chronic kidney patients, Biol. Trace Elem. Res. 127 (2009) 16-27.

[3] H.L Afridi, T.G. Kazi, N.G. Kazi, M.B. Arain, N. Jalbani, R.A. Sarfraz, A.Q. Shah, ].A.
Baig, Evaluation of arsenic, cobalt, copper and manganese in biological sam-
ples of steel mill workers by electrothermal atomic absorption spectrometry,
Toxicol. Ind. Health 25 (2009) 59-69.

[4] M.B. Arain, T.G. Kazi, M.K. Jamali, N. Jalbani, H.I. Afridi, A. Shah, Total dissolved
and bioavailable elements in water and sediment samples and their accumu-
lation Oreochromis mossambicus of polluted Manchar Lake, Chemosphere 70
(2008) 1845-1856.

[5] C. Zhy, Z. Luan, Y. Wang, X. Shan, Removal of cadmium from aqueous solu-
tions by adsorption on granular red mud (GRM), Sep. Purif. Technol. 57 (2007)
161-169.

[6] Y.H. Huang, C.L. Hsueh, H.P. Cheng, L.C. Su, C.Y. Chen, Thermodynamics and
kinetics of adsorption of Cu(ll) onto waste iron oxide, ]. Hazard. Mater. 144
(2007) 406-411.

[7] S.Al-Asheh, N. Abdel-Jasou, F. Barat, Packed bed sorption of copper using spent
animal bones: factorial experimental design, desorption and column regener-
ation, Adv. Environ. Res. 6 (2002) 221-227.

[8] M. Ajmal, H. Khan, S. Ahmad, A. Ahmad, Role of sawdust in the removal of
copper (II) from industrial wastes, Water Res. 32 (1998) 3085-3091.

[9] H. Aydin, Y. Bulut, C. Yerlikaya, Removal of copper (II) from aqueous solution
by adsorption onto low-cost adsorbents, ]. Environ. Manage. 87 (2008) 37-45.

[10] S. Zhu, H. Hou, Y. Xue, Kinetic and isothermal studies of lead ion adsorption
onto bentonite, Appl. Clay Sci. 40 (2008) 171-178.

[11] P.King, N. Rakesh, S. Beenalahari, Y.P. Kumar, V.S.R.K. Prasad, Removal of lead
from aqueous solution using Syzygium cumini L.: equilibrium and kinetic stud-
ies, . Hazard. Mater. 142 (2007) 340-347.

[12] M. Ajmal, RAK. Rao, J.A. Anwar, R. Ahmad, Adsorption studies on rice husk:
removal and recovery of Cd(II) from wastewater, Bioresour. Technol. 86 (2003)
147-149.

[13] S. Al-Asheh, Z. Duvnjak, Binary metal sorption by pine bark: study of equilibria
and mechanisms, Sep. Sci. Technol. 33 (9) (1998) 1303-1329.

[14] Y. Bulut, Z. Tez, Removal of heavy metal from aqueous solution by sawdust
adsorption, J. Environ. Sci. 19 (2) (2007) 160-166.

[15] S.Srivastava, A. Singh, A. Sharma, studies on the uptake lead and zinc by lignin
obtained from black licor—a paper industry waste material, Environ. Technol.
15(1994) 353-361.

[16] N. Chubar, J.R. Carvalho, M.J.N. Correia, Cork biomass as a biosorbent for Cu(lI),
Zn(I1) and Ni(II), Colloids Surf. A: Physicochem. Eng. Aspects 230 (2004) 57-65.

[17] P.Lodeiro,].L.Barriada, R. Herrero, M.E. Sastre de Vicente, The marine macroalga
Cystoseira baccata as biosorbent or cadmium(Il) and lead(Il) removal: kinetic
and equilibrium studies, Environ. Pollut. 142 (2006) 264-273.

[18] K. Chojnacka, A. Chojnacki, H. Gorecka, Biosorption of Cr3*, Cd?* and Cu?* ions
by blue-green algae spirulina sp.: kinetics, equilibrium and the mechanism of
the process, Chemosphere 59 (2005) 75-84.

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

[20] S.Lagergren, Zur theorie der sogenannten adsorption geloster stoffe. Kungliga
Sevenska Vetenskapasakademiens, Handlingar 24 (1898) 1-39.

[21] Y.S. Ho, G. Mckay, D.A.J. Wase, C.F. Foster, Study on the sorption of divalent
metal ions on to peat, Adsorpt. Sci. Technol. 18 (2000) 639-650.

[22] WJ. Weber, J.C. Morris, Kinetics of adsorption of carbon from solution, J. Sanit.
Eng. Div. Am. Soc. Civ. Eng. 89 (1963) 31-60.

[23] 1. Langmuir, The constitution and fundamental properties of solids and liquids,
J. Am. Chem. Soc. 38 (1916) 2221-2295.

[24] 1. Langmuir, The constitution and fundamental properties of solids and liquids.
IL. Liquids, J. Am. Chem. Soc. 39 (1917) 1848-1906.

[25] I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and plat-
inum, J. Am. Chem. Soc. 40 (1918) 1361-1403.

[26] K.K. Wong, C.K. Low, MJ. Haron, Removal of Cu and Pb from electroplating
wastewater using tartaric acid modified rice husk, Process Biochem. 39 (4)
(2003) 437-445.

[27] S.Chakravarty, S. Pimple, H.T. Chaturvedi, S. Singh, K.K. Gupta, Removal of cop-
per from aqueous solution using newspaper pulp as an adsorbent, J. Hazard.
Mater. 159 (2008) 396-403.

[28] B.C. Qi, C. Aldrich, Biosorption of heavy metals from aqueous solution with
tobacco dust, Bioresour. Technol. 89 (2008) 5595-5601.



V.S. Munagapati et al. / Chemical Engineering Journal 157 (2010) 357-365 365

[29] Q.Li,].Zhai, W. Zhang, M. Wang, J. Zhou, Kinetic studies of adsorption of Pb(1I),
Cr(I1I) and Cu(Il) from aqueous solution by sawdust and modified peanut husk,
J. Hazard. Mater. 141 (2007) 163-167.

[30] A. Sari, M. Tuzen, D. Citak, M. Soylak, Adsorption characteristics of Cu(Il) and
Pb(II) onto expanded perlite from aqueous solution, J. Hazard. Mater. 148
(2007) 387-394.

[31] G.Yan,T.Viraraghavan, Heavy-metal removal from aqueous solution by fungus
Mucor rouxii, Water Res. 37 (2003) 4486-4496.

[32] G. Ozdemir, N. Ceyhan, T. Ozturk, F. Akirmark, T. Cosar, Biosorption of
chromium(VI), cadmium(II) and copper(Il) by Pantoea sp. TEM18, Chem. Eng.
J. 102 (2004) 249-253.

[33] Z. Aksu, Equilibrium and kinetic modeling of cadmium(II) biosorption by C.
vulgaris in a batch system: effect of temperature, Sep. Purif. Technol. 21 (2001)
285-294.

[34] A. Sari, D. Mendil, M. Tuzen, M. Soylak, Biosorption of Cd(Il) and Cr(III)
from aqueous solution by moss (Hylocomium splendens) biomass: equilibrium,
kinetic and thermodynamics studies, Chem. Eng. J. 144 (2008) 1-9.

[35] A. Sari, M. Tuzen, Biosorption of Pb(II) and Cd(II) from aqueous solution using
green alga (Ulva lactuca) biomass, J. Hazard. Mater. 152 (2008) 302-308.

[36] RA. Anayurt, A. Sari, M. Tuzen, Equilibrium, thermodynamic and kinetic stud-
ies on biosorption of Pb(II) and Cd(II) from aqueous solution by macrofungus
(Lactarius scrobiculatus) biomass, Chem. Eng. J. 151 (2009) 255-261.

[37] Y.D. Arzu, A comparative study on determination of the equilibrium, kinetic
and thermodynamics parameters of biosorption of copper(Il) and lead(Il) ions
onto pretreated Aspergillus niger, Biochem. Eng. J. 28 (2006) 187-195.

[38] G. Uslu, M. Tanyol, Equilibrium and thermodynamic parameters of sin-
gle and binary mixture biosorption of lead(Il) and copper(Il) ions onto
Pseudomonas putida: effect of temperature, J. Hazard. Mater. 1358 (2006)
87-93.

[39] S. Tunali, T. Akar, A.S. Ozcan, 1. Koran, A. Ozcan, Equilibrium and kinetics of
biosorption of lead(Il) from aqueous solutions by Cephalosporium aphidicola,
Sep. Purif. Technol. 47 (2006) 105-112.

[40] 0.D. Uluozluy, A. Sari, M. Tuzen, M. Soylak, Biosorption of Pb(Il) and Cr(IIl) from
aqueous solution by lichen (Parmelina tiliaceae) biomass, Bioresour. Technol.
99 (2008) 2972-2980.

[41] A. Sari, M. Tuzen, O.D. Uluozlu, M. Soylak, Biosorption of Pb(II) and Ni(II) from
aqueous solution by lichen (Cladonia furcata) biomass, Biochem. Eng. J. 37
(2007) 151-158.

[42] H.MLF. Freundlich, Uber die adsorption in lasugen, J. Phys. Chem. 57 (1906)
385-470.

[43] N. Viswanathan, C.S. Sundaram, S. Meenakshi, Sorption behaviour of fluoride
on carboxylated cross-linked chitosan beads, Colloids Surf. B: Biointerfaces 68
(2009) 48-54.

[44] R. Aravindhan, J.R. Rao, B.U. Nair, Removal of basic yellow dye from aqueous
solution by sorption on green alga Caulerpa scalpelliformis, J. Hazard. Mater. 142
(2007) 68-76.

[45] A. Sari, M. Tuzen, M. Soylak, Adsorption of Pb(Il) and Cr(Ill) from aqueous
solution on Celtek clay, J. Hazard. Mater. B 144 (2007) 41-46.



	Biosorption of Cu(II), Cd(II) and Pb(II) by Acacia leucocephala bark powder: Kinetics, equilibrium and thermodynamics
	Introduction
	Materials and methods
	Materials
	Preparation of biosorbent
	Characterization of biosorbent
	Preparation of Cu(II), Cd(II) and Pb(II) standards
	Batch adsorption studies

	Results and discussion
	Characterization
	Effect of pH
	Effect of biosorbent dose on biosorption
	Effect of contact time
	Biosorption kinetics
	Fitness of the biosorption kinetic models
	Biosorption isotherm models
	χ2 analysis
	Biosorption thermodynamics

	Conclusions
	References


