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ABSTRACT
A new adsorbent was prepared from Custard apple (Annona squamosa) and applied to remove Pb (II) ions from
aqueous solution. The present studies were conducted in a batch adsorption process. The biosorbent was
characterized by FTIR spectroscopy, scanning electron microscopic analysis, elemental analysis and X-ray
diffraction analysis. The influence of PH, adsorbent dose, contact time, initial concentration of the adsorbate has
been determined. The optimum pH for the removal of lead ions from aqueous medium is found to be pH=5. Kinetic
parameters of adsorption such as Lagergren pseudo-first order, pseudo-second order and intraparticle diffusion
model were determined. The sorption system follows pseudo-second-order kinetic model and equilibrium time is
obtained after 50 min. The equilibrium data were analyzed by using Langmuir, Fruindlich and DubininRadushkevich isotherm models. Langmuir model was fitted well by its good correlation co-efficient values.
Desorption studies and recovery of adsorbent were carried out by using dil. HCl solution. The results suggested that
the Annona squamoa bark powder can be used as effective, eco-friendly, low cost adsorbent in the removal of Pb
(II) ions from aqueous solution.
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INTRODUCTION
In recent years increasing industries are responsible to release lot of polluted waste in the environment and
damaging the ecosystem [1]. Heavy metal pollution has gained much attention worldwide because unlike other toxic
pollutants, they are not biodegradable [2]. Among all heavy metals, Pb (II) is one which has more toxic nature when
releases into the environment. Greater levels of Pb (II) in the adjacent-normal parts of kidneys with carcinomas are
responsible for the individual effect or synergistic effect on enzymatic systems in oncogenic pathway [3]. According
to the Environmental Protection Agency (EPA), the safe level of Pb (II) in drinking water is 50µg/L where as in
waste water it is 500µg/L. By the information of World Health Organization (WHO) the safe level of Pb (II) in
drinking water is 10µg/L [4]. Lead can dissociates and exists in Pb (II) ionic form at low pH values and these Pb (II)
ions enters into the human body by ingestion, inhalation of contaminated air and by taking contaminated food and
water [5]. Lead is a general metabolic poison and behaves as enzyme inhibitor. In young children Pb (II) causes
mental retardation, semi permanent damage of brain [6]. There is a growing demand to find relatively efficient, low
cost and easily available adsorbents for the adsorption of toxic heavy metals. Heavy metals removal from diluted
aqueous solution gaining an interest by the application of biomass from different origin. Sequestering of toxic heavy
metals with the help of biomaterials has become an alternative method to economically expensive traditional
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methods like coagulation, precipitation, adsorption etc. [7]. Biosorption is a popular technique that utilizes
inactive/dead biological materials for the removal of heavy metals. Biosorption of metals is not based on only one
mechanism. It consists of several ones that quantitatively and qualitatively differ according to the type of biomass,
its origin and its processing. Metal adsorption involves complex mechanisms like ion exchange, chelation,
adsorption by physical forces and ion entrapment in inter & intrafibrilar capillaries and spaces of the structural
polysaccharide cell wall network [8]. Various biosorbents from different origins were used to remove Pb (II) ions
from waste water [9-11]. Among the different biosorbents Custard apple (Annona squamosa) bark powder was used
as a novel adsorbent in the present study and it is one of the good adsorbents to sequester Pb (II) ions from aqueous
solution. Annona squamosa plants as biological resources mostly available in large quantities across the world. It
can be used as medicinal plant in India.
EXPERIMENTAL SECTION
2.1. Biosorbent preparation
The bark of Annona squamosa tree was collected from S.V. University premises, Tirupati, Andhra Pradesh. The
bark was peeled off from tree and made into several small pieces. To remove dirt particles the bark was washed with
deionised water for several times and dried in sunlight. The dried pieces were ground in a steel mill to get fine
powder and it was sieved. This powder was again subjected to washing with deionised water to remove the soluble
materials present in it. After washing it was dried at 70oC in hot air oven for 4 hours. The final product was named
as Custard apple bark (CAB) powder.
2.2. Chemicals and equipment
All chemicals were Analytical grade. Stock solution of the test reagent was made by dissolving PbCl2 in double
distilled water from a Merck Millipore-Q water system. Working standards were prepared by progressive dilution of
stock Pb (II) solution using double distilled water. The pH meter was calibrated using standard buffer solutions of
pH 4.0, 7.0 and 9.2. The pH measurements were made using an Elico LI120 pH meter. Test solutions pHs were
adjusted using HCl (0.1 N) and NaOH (0.1 N). The metal concentrations in the samples were determined using an
atomic adsorption spectrophotometer (Shimadzu Model AA-6300). Bruker Alpha FT-IR spectrophotometer between
the wave numbers 4000 and 400cm-1. Scanning electron microscope ((Model: EVO ma 15 manufactured by Carl
Zeiss) has been used to study the surface morphology of the biosorbent. Wide-angle X-ray diffraction (WAXD)
patterns of CAB samples were recorded on an X-ray diffractometer (XRD-6000, Shimadzu) by using Cu Kα
radiation.
2.3. Batch biosorption process
Batch adsorption tests were carried out at room temperature and used to investigate the effect of various parameters
on Pb (II) adsorption. A series of 250 ml conical flasks are taken for the experiment. Fixed amount of adsorbent was
placed in conical flasks contains 50 ml of 50 mg L-1 Pb (II) solution. The pH was adjusted in the range of pH 2-9 by
adding little aliquots of dil. HCl and dil. NaOH. Then the conical flask was closed with the help of stopper. The
sealed conical flasks were placed on a mechanical shaking incubator and shaken well for about 24 hours at 300 rpm
speed and 27oC temperature to get equilibrium. After shaking, the suspension was filtered and then the filtrate was
analyzed for residual lead ion concentration. The concentrations of lead were determined by Flame atomic
adsorption spectrophotometer. The effect of pH was determined by adjusting the initial pH values ranging from 2-9.
Adsorbent dosage was determined by taking different quantities of doses from 100 mg to 1000 mg and keeping the
initial concentration and contact time constant. The effect of contact time was determined by varying the contact
time form 10 min to 100 min. The adsorption isotherms were evaluated from 10 mg L-1 to 170 mg L-1 by keeping the
adsorbent constant (300 mg). Blank test was performed in the same experimental conditions without biosorbent.
From the metal concentrations measured before and after the adsorption (C0 and Ce, in mg L-1 respectively) and dry
weight of biosorbent (W in kg), as well as volume of aqueous solution (V in ml), the uptake capacity of lead ion (qe,
mg g-1) and the removal percentage (E %) were calculated according to Equations (1) and (2) :
=(
%=

−

)

(1)

100

(2)
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2.4. Desorption studies
The reversibility of adsorption was investigated by carrying out desorption experiments. Desorption of Pb (II) from
metal loaded CAB was carried out by using dil. HCl with different concentrations. After determination of metal
content in the final solutions, the biosorbent was washed with excess of acid solution and distilled water in order to
reuse the CAB.
RESULTS AND DISCUSSION
3.1. Characterization of the biosorbent
3.1.1. FT-IR spectra
The FTIR spectra of CAB and CAB with Pb (II) are presented in Fig. 1. The FTIR spectrum of CAB showed a
number of absorption peaks, reflecting the presence of complex functional groups on the surface of the biosorbent.
In the spectrum, the broad band at around 3300 cm−1 is attributed to the presence of free and hydrogen bonded -OH
stretching vibration. The band at 2950-2899 cm−1 is due to the C-H stretching vibration and the one at 1440-1410
cm−1 corresponds to CH2 bending vibration. The peak at 1155-1145 cm−1 relates to C-O-C anti symmetric
stretching vibration. The adsorption band at 1200-1000 cm−1 is attributed to cellulose peak at finger print region
stretching vibration. These peaks are all the characteristic absorption bands of cellulose [12]. After treatment of
CAB with Pb (II) the characteristic adsorption peaks are disturbed and shifted. The reason may be the functional
groups present in CAB are bound with metal ions.
3.1.2. X-ray diffraction (XRD)
The crystal phases of CAB were determined by X-ray powder diffraction (Fig. 2). The XRD study revealed that the
presence of amorphous regions, which is favorable for biosorption of metal ion onto CAB. The spectrum shows that
in raw CAB the peaks at 210, 280, 350 indicates the amorphous regions in the adsorbent. No other peaks were
observed which explains the crystalline nature.
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Fig. 1. FTIR spectra of CAB and CAB with Pb (II)
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Fig. 2. Powder XRD spectra of Custerd apple bark powder

3.1.3. Scanning Electron Microscopy
The Scanning Electron Microscopic image of CAB was clearly shown in fig.3.The image tells the external
morphology of the adsorbent. The image representing in fig.3 consists of the porous, uneven, heterogeneous
structures. These characteristics of adsorbent are responsible for biosorption process.

Fig. 3. SEM images of CAB and CAB with Pb (II)

3.2. Effect of pH on removal of Pb (II)
Solution pH is the most important parameter in the biosorption of heavy metals. The speciation of metals in the
solution is pH dependent. By changing the pH of the solution, the state of chemically active sites will change. In the
present study solution pH was varied in the range from 2 to 9, and adjusted the pH values by using 0.1 N HCl and
0.1 N NaOH. Due to hydrogen ion competition at low solution pH values, the Pb (II) uptake was small. As the pH
increases, the amount of Pb (II) uptake increases and the sharpest increase is observed between pH 4.0 and 5.0. The
low adsorption of Pb (II) under high acidic conditions is because of the metal binding sties on the biosorbent are
closely associated with H+ and restricted the approach of lead as a result of the repulsive forces [13]. Minimal
adsorption quantity of Pb (II) at low pH can be attributed to the competition between H+ and lead ions. Maximum
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removal of lead (II) was achieved at pH 5± 0.1 which is the optimum level. At this pH maximum removal of Pb (II)
ions was took place.

12

qe (mg g-1)

11

10

9

Pb (II)
8
1

2

3

4

5

6

7

8

9

10

pH
Fig. 4. Effect of initial pH on the removal of Pb (II) on CAB

The adsorption decreases when pH is higher than the optimum level, which may be attributed to the formation of
hydroxides of metal ions by the hydrolysis of Pb (II) ions.
3.3. Effect of biosorbent dosage
The removal efficiency and specific uptake of metals depend on type and quantity of the biosorbent. If no
information is available for particular type of biomass, it is better to find the optimal dose experimentally. In the
present study the quantity of biosorbent was varied from 100mg to 1000 mg. As revealed in Fig. 5, the percentage
removal or adsorption capacity increased with increase in biosorbent dose upto the optimum level. The optimum
level is the point where the maximum removal of metal ions from aqueous medium. An amount of 300 mg is
sufficient for the optimal removal of Pb (II) ions. Moreover, the biosorption capacity was high at low dose rates. The
reason for this may be the availability of lesser binding sites and these were fully utilized.
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Fig. 5. Effect of dose on the removal of Pb (II) on CAB
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3.4. Effect of contact time and adsorption kinetic study
The contact time profile of the adsorption of Pb (II) on CAB adsorbent has shown in fig 6. A very rapid increasing
trend is observed during initial 40 min, and thereafter, the rate of Pb(II) adsorption decreases, after about 50 min, no
significant change in Pb (II) removal is obtained. During initial stage of sorption, a large number of vacant surface
sites are available for Pb (II) adsorption. After lapse of some time, the remaining vacant surface sites are difficult to
be occupied due to repulsive forces from lead ions adsorbed on adsorbents surface. Here, the active external sites get
almost saturated. Thereafter, lead ions have to immerse deeper into the active intra-particular sites encountering
much larger resistance. This slows down the rate of Pb (II) adsorption during later period of adsorption.
The kinetic parameters are helpful for the prediction of the adsorption rate and give important information for
designing and modeling of the adsorption process. Thus, the kinetics of Pb (II) adsorption onto CAB was analyzed
using pseudo-first-order [14], pseudo-second-order [15] and intraparticle diffusion kinetic models [16]. The
conformity between experimental data and the model-predicted values was expressed by the correlation coefficients
(R2≈1).The relatively higher value is the more applicable model to the kinetics of Pb (II) adsorption onto CAB.
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Fig. 6. Effect of contact time on the removal of Pb (II) on CAB

3.4.1Pseudo-first-order equation
The adsorption kinetic data were described by the Lagergren pseudofirst-order model [14], which is the earliest
known equation describing the adsorption rate based on the adsorption capacity. The differential equation is
generally expressed a follows:
=

(

−

)

(3)

where qe and qt are the adsorption capacity at equilibrium and time t respectively (mg g-1). K1 is the rate constant of
the pseudo first order adsorption (min-1). Integrating Equation (3) for the boundary conditions t=0-t and qt=0-qt
gives:
log

!

"=
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t

(4)

Equation (4) can be rearranged to obtain the following linear form:
log(

−

) = log( ) −
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*
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3.4.2 Pseudo-second-order equation
The adsorption kinetic may be described by the pseudo-second-order model [15]. The differential equation is
generally given as follows:
(

=

−

)%

(6)

where k2 (g (mg min)-1) is the second-order rate constant of adsorption. Integrating Equation (6) for the boundary
conditions qt=0-qt at t=0-t is simplified as can be rearranged and linearized to obtain:
=

)+ +

(*)

+

(7)

The second-order rate constants were used to calculate the initial sorption rate, given by the following equation:
ℎ=

%

%

(8)

If the second-order kinetics is applicable, then the plot of t/qt versus t should show a linear relationship. The values
of K2 and the equilibrium adsorption capacity qe were calculated from the intercept and slope of the plots of t/qt
versus t (Fig. 7). The linear plots of t/qt versus t show good agreement between experimental and calculated qe
values at different initial Pb (II) concentrations (Table. 1). The correlation coefficients for the second-order kinetic
model are >0.98, which led to the conclusion that the kinetics followed a pseudo-second-order kinetic model.
Table 1 Kinetic parameters for the removal of Pb (II) by using CAB
Pseudo first order
Initial concentration(mg L-1)

qe exp (mg g-1)

qe cal (mg g-1)

K1 x 10-2 (min-1)

R2

qe cal (mg g-1)

10
30
50

1.5275
4.595
7.71

1.3726
2.4797
4.3848

0.0782
0.0543
0.0647

0.95209
0.98595
0.99318

2.599969
4.90076
8.145312

Pseudo second order
K2 x 10-2
(g mg-1 min-1)
0.11358
0.03751
0.027342

R2
0.9995
0.9995
0.9996

3.4.3The intraparticle diffusion model
The adsorbate species are most probably transported from the bulk of the solution into the solid phase through the
intraparticle diffusion/transport process, which is often the rate-limiting step in many adsorption processes,
especially in a rapidly stirred batch reactor [16]. Since the Pb (II) ions are probably transported from its aqueous
solution to the adsorbent by intraparticle diffusion. The intraparticle diffusion is another kinetic model which should
be used to study the rate of Pb (II) adsorption onto CAB. The possibility of intraparticular diffusion was explored by
using the intraparticle diffusion model, which is commonly expressed by the following equation:
=

./ *

0%

+

(9)

where C (mg g-1) is intercept and Kdif is intraparticle diffusion rate constant ( mg g-1 min-1/2). The values of qt were
found to be linearly correlated with the values of t1/2 (Fig. 8) and the rate constant Kdif can be directly evaluated from
the slope of the regression line (Tab. 2). The values of the intercept C provide information about the thickness of the
boundary layer, the resistance to the external mass transfer increases as the intercept increases. The constant C was
found to increase with an increase of Pb (II) concentration from 10 to 50mg L-1, indicating the increase of the
thickness of the boundary layer and the decrease of the chance of the external mass transfer and hence, the increase
of the chance of internal mass transfer. The R2 values given in Tab. 2 are close to unity indicating the application of
this model. This may confirm that the rate-limiting step is the intraparticle diffusion process. The linearity of the
plots demonstrated that the intraparticle diffusion played a significant role in the uptake of the adsorbate by
adsorbent. However, as there is no still sufficient indication about it, it was shown that if the intraparticle diffusion is
the sole rate-limiting step, it is essential for the qt versus t1/2 plots to pass through the origin, which is not the case
[17]. So it may be concluded that the surface adsorption and the intraparticle diffusion were concurrently operating
during the Pb (II) and CAB interactions.
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Fig. 7. Pseudo-second-order kinetic model for Pb (II) onto CAB
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Fig. 8. Intraparticle diffusion kinetics for adsorption of Pb (II) onto CAB
Table 2 Intra-particle diffusion model parameters for the removal of Pb (II) by CAB
Initial concentration (mg L-1)
10
30
50

Kid (mg g-1 min-1/2)
0.07161
0.20094
0.3098

C (mg g-1)
0.91936
2.86652
5.0783

R2
0.90528
0.92886
0.90399

3.5 Analysis of adsorption isotherms
Adsorption isotherm provides a relationship between concentration of metal ion in solution and the amount of the
same adsorbed on the adsorbent when both the phases are in equilibrium. In the present study, the Pb (II) uptake
capacity of CAB was evaluated using the Langmuir, Freundlich and Dubinin–Radushkevich (D–R) adsorption
isotherm models and the plots are shown in Fig. 9.
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The Langmuir isotherm model assumes that the biosorption takes place at specific homogeneous sites on the surface
of the biosorbent, it means once a metal ion occupies a binding site, no further adsorption can occur at that site
where the first metal ion binds [18]. The non linear form of the Langmuir equation can be written as followed in the
equation (10):
=

123 )4

( 5)4

(10)

)

where qe is the biosorption capacity at equilibrium (mg g-1), qmax is the maximum Pb (II) specific uptake (mg g-1),
and Kd represents the equilibrium constant of the biosorption reaction. The essential features of the Langmuir
isotherm may be expressed in terms of equilibrium parameter RL, which is a dimensionless constant referred to as
separation factor or equilibrium parameter [19].
67 =

5( 5)4

(11)

)

Where:
C0 = initial concentration
KL = the constant related to the energy of adsorption (Langmuir Constant). RL value indicates the adsorption nature
to be either unfavorable if RL>1), linear if RL =1, favorable if 0< RL<1 and irreversible if RL=0 [20]. From the data,
the RL is greater than 0 but less than 1 indicating that Langmuir isotherm is favorable. From this research work, the
maximum monolayer coverage capacity (Qo) from Langmuir Isotherm model was determined to be 32.27 mg g-1, RL
(the separation factor) is 0.2243 indicating that the equilibrium sorption was favourable and the R2value is 0.99
proving that the sorption data fitted well to Langmuir Isotherm model.
The Freundlich equilibrium isotherm equation is an empirical equation used for the description of multilayer
adsorption with interaction between adsorbed molecules representing the heterogenous surface properties [21]. The
Freundlich equation can be written as:
=

/

08

(12)

where Kf is the Freundlich isotherm constant, ‘n’ represents the adsorption intensity, Ce indicates the equilibrium
concentration of adsorbate (mg L-1 ), qe is the amount of adsorbate adsorbed per gram of the adsorbent at
equilibrium (mg g-1).
Dubinin and his co-workers conceived this equation for subcritical vapors in micro pore solids where the adsorption
process follows a pore filling mechanism onto energetically non uniform surface [22]. The Dubinin-Radushkevich
(D-R) model, which does not assume a homogeneous surface or a constant sorption potential as the Langmuir
model, was also used to test the experimental data.

qe = Qm exp (− K [ RT ln (1 +
qe

1 2
)] )
Ce

(13)

= Qm exp(− K ε 2 )

(14)

where Qm is the maximum amount of the metal ion that could be sorbed onto unit weight of sorbent (mg g-1), ε is the
Polanyi potential which is equal to RT ln (1+1/Ce), where R and T are the universal gas constant (kJ mol-1 K-1) and
the absolute temperature (K), respectively. The K in equations (13) and (14) is related to the mean free energy of
sorption per mole of the sorbate when it is transferred to the surface of the solid from infinity in the solution and this
energy can be computed using the following relationship.

E=

1
2K

(15)
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Fig. 9. Biosorption isotherms of Pb (II) onto CAB

The results (correlation coefficient values, χ (Chi) values) concluded that the Langmuir adsorption isotherm model
exhibit a better fit to the equilibrium data than Freundlich, Dubinin–Radushkevich adsorption isotherms. The R2
values of four adsorption models shown in Table 3. Therefore, the biosorption process of Pb (II) by CAB can be
interpreted as monolayer adsorption.
Table 3 Isotherm parameters of Pb (II) biosorption on CAB at various initial concentrations
Isotherm model
Langmuir
Qmax (mg g-1)
b (L mg-1)
R2
χ2
Freundlich
Kf (mg g-1)
N
R2
χ2
Dubinin–Radushkevich
Qm(mg g-1)
K
R2
χ2
E

Values
32.27477
0.06914
0.99488
0.36731
3.23785
1.77407
0.96098
2.79906
20.14736
0.02056
0.93618
4.57846
5.491522

3.6. Comparision with other adsorbents
The maximum adsorption capacity (Qmax) of different adsorbents [23-26] was shown in Table 4. This can explains
the adsorption capacities of different adsorbents. The results indicate that CAB is a potential adsorbent in the
removal of Pb (II) from the waste water.
3.6. Desorption of Pb (II) from sorbent
Desorption studies were useful to identify the nature of biosorption process and to recover the metal from sorbent.
Moreover, it also will help to regenerate the sorbents reuse to adsorb metal ions, and to develop the successful
sorption process. In present study HCl was used as desorbing agent with various concentration and found that
desorption of metal from the sorbent using 0.15 N HCl was quantitative (Fig. 10)
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Fig. 10. Effect of HCl concentration on the desorption of Pb (II) from CAB
Table 4 Comparision of Qmax values of different adsorbents in the removal of Pb (II) metal ions
Adsorbent
Oryza sativa husk
barley straws
Banana peel
Ceiba pentandra hulls
CAB

Qmax
8.6
23.2
2.18
25.5
32.27
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Present study

CONCLUSION
From the findings of this research, it can be concluded that Custard apple bark (CAB) powder is a versatile, novel
and eco friendly adsorbent which can be used successfully for the removal of Pb (II) ions from aqueous medium.
The results obtained from the above studies showed that the removal of maximum lead ions by CAB was observed
at pH 5.0. Equilibrium adsorption showed that the biosorption process followed Langmuir adsorption isotherm
model better than Freundlich, and D-R isotherm models, which indicates that monolayer adsorption exists under the
experimental conditions employed. The kinetics studies indicated that lead removal followed pseudo-second-order
rate equation. This study demonstrated that CAB could be used as an effective biosorbent for removal of lead ions
from wastewater.
Acknowledgements
Authors expressing sincere thanks to UGC-BSR for providing the financial support.
REFERENCES
[1] Z Xuan; Y Tang; X Li; Y Liu; F Luo. Biochem. Eng. J., 2006, 31, 160–164.
[2] D. Zamboulis; E. Peleka; N. Lazaridis; K. Matis. J. Chem. Technol. Biotechnol., 2011, 86, 335–344.
[3] N Cerulli; L Campanella; R Grossi; L Politi; R Scandurra; G Soda; F Gallo; S Damiani; A Alimonti; F Petrucci;
S Caroli. J. Trace Elem. Med Biol., 2006, 20, 171-179.
[4] D Bingöl; M Hercan; S Elevli; EKılıç. Bioresour. Technol., 2012, 112, 111–115.
[5] S Raungsomboon; A Chidthaisong; B Bunnag; D Inthorn; N W Harvey. Bioresour. Technol., 2008, 99, 56505658.
[6] A. Denizli; E. Buyuktuncel; A. Tuncel; S. Bektas; O. Genc. Environ. Technol., 2000, 21, 609-614.
[7] S Basha; B Jha. J. Chem. Eng. Data., 2008, 53, 449-455.
[8] B Volesky; ZR. Holan. Biotechnol. Progr., 1995, 11, 235–250.
[9] SC Ponce; C Prado; E Pagano; F E. Prado; M Rosa. Ecol. Eng., 2014, 74, 33-41.

458

K. Seshaiah et al
J. Chem. Pharm. Res., 2014, 6(11):448-459
______________________________________________________________________________
[10] G Yuvaraja; N Krishnaiah; MV Subbaiah; A Krishnaiah. Colloids Surf., B: Biointerfaces., 2014, 114, 75-81.
[11] G García-Rosales; A Colín-Cruz. J. Environ. Manage., 2010, 91, 2079-2086.
[12] LVA Gurgel; RP de Freitas; LF Gil. Carbohydr. Polym., 2008, 74, 922-929.
[13] R. Say; N. Yilmaz; A. Denizli. The. Euro. J. Miner. Proces. Environ. Prot., 2003, 3, 36-41
[14] S. Lagergren. Zur Theorie der sogenannten Adsorption geloster Stoffe. Kungliga Svenska
Vetenskapsakademiens Handlingar., 1898, 24, 1–39.
[15] Y. S. Ho; G. McKay; D. A. J. Wase; C. F. Foster. Adsorpt. Sci. Technol., 2000, 18, 639-650.
[16] W. J. Weber; J. C. Morris. J. Sanit Eng. Div. Am. Soc. Civil Eng., 1963, 89, 31–59.
[17] Y Sag; Y Aktay. Process Biochem., 2000, 36, 157-173.
[18] I Langmuir. J. Am. Chem. Soc., 1918, 40, 1361-1403.
[19] AO Dada; AP Olalekan; AM Olatunya; O Dada. IOSR-J. App. Chem., 2012, 3, 38-45
[20] ZZ Chowdhury; S Mohd. Zain; RA Khan; K Khalid. Orient. J. Chem., 2011, 27, 405-415.
[21] AA. El-Bindary; MA Hussien; MA Diab; AM Eessa. J. Mol. Liq., 2014, 197, 236-242.
[22] MM Dubinin; LV Radushkevich. InProceedings of the Academy of Sciences., 1947, 55, 331-333.
[23] MMD Zulkali; AL Ahmad; NH Norulakmal. Bioresour. Technol., 2006, 97, 21–25.
[24] E Pehlivan; T Altun; S Parlayici. J. Hazard. Mater., 2009, 164, 982–986.
[25] J Anwar; U Shafique; W Zaman; M Salman; A dar; S. Anwar. Bioresour. Technol., 2010, 101, 1752-1755.
[26] M Madhava Rao; GP Chandra Rao; K Seshaiah; NV Choudary; MC Wang., Waste Manage. 2008, 28, 849–858.

459

