
Journal of Engineering Science and Technology 
Vol. 4, No. 4 (2009) 381 - 399 
© School of Engineering, Taylor’s University College 
 

 

 

381 

ADSORPTION OF Pb2+ IONS FROM AQUEOUS SOLUTIONS 
ONTO BAEL TREE LEAF POWDER: ISOTHERMS,           

KINETICS AND THERMODYNAMICS STUDY 

P. SENTHIL KUMAR
1,
*, R. GAYATHRI

2
 

1Department of Chemical Engineering, SSN College of Engineering,                        

Chennai, 603 110, India. 
2Department of Civil Engineering, Sengunthar Engineering College,              

Tiruchengode, 637 205, India. 

*Corresponding Author: senthilkumarp@ssn.edu.in 

 

 

 

 

 

 

 

 

 

Abstract 

In this study, bael tree (BT) leaf powder was used as an adsorbent for 

removal of Pb2+ ions from aqueous solutions through batch equilibrium 

technique. The influence of pH, equilibrium time, temperature, adsorbent 

dosage and initial concentration of metal ions on adsorbed amount of 

metals ions were investigated. Studies showed that the pH of aqueous 

solutions affected Pb2+ ions removal as a result of removal efficiency 

increased with increasing solution pH. The experimental isotherm data 

were analyzed using the Langmuir, Freundlich, Temkin and Dubinin-

Radushkevich equations. The monolayer adsorption capacity is 4.065 

mg/g with the correlation coefficient of 0.993. The experiments showed 

that highest removal rate was 84.93% at solution pH 5, contact time       

60 min and initial concentration of 50 mg/L. Thermodynamic parameters 

such as Gibbs free energy, enthalpy, and entropy have also been evaluated 

and it has been found that the sorption process was feasible, spontaneous 

and exothermic in nature. Three simplified kinetic models including a 

pseudo-first-order equation, pseudo-second-order equation and 

intraparticle diffusion equation were selected to follow the adsorption 

process. Kinetic parameters, rate constants, equilibrium sorption 

capacities and related correlation coefficients, for each kinetic model 

were calculated and discussed. It was shown that the adsorption of Pb2+ 

ions could be described by the pseudo-second order equation, suggesting 

that the adsorption process is presumable a chemisorption. 

Keywords: Lead (Pb2+), Bael Tree, Isotherms, Kinetics, Thermodynamics.  
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Nomenclatures 
 

A Temkin constant, L/g 

B Temkin constant 

CAe Solid-phase concentration at equilibrium, mg/L 

Ce Equilibrium concentration of Pb2+ solution, mg/L 

Ci Initial lead concentration, mg/L  

Cf Final lead concentration, mg/L  

E Mean free energy, kJ/mg  

h Initial adsorption rate, mg g-1min-1 

Kc Equilibrium constant, mg/mg 

k Rate constant of pseudo-second-order adsorption, g mg-1min-1 

kad Rate constant of the pseudo-first-order adsorption 

process, min-1 

KL Langmuir constant, L/mg 

Kf Freundlich constant, (mg/g)(L/mg)(1/n)

 Kp Intraparticle diffusion rate constant, mg/gmin1/2 

n Freundlich constant 

qe Amount of lead adsorbed per unit mass of adsorbent at 

equilibrium, mg/g 

qm Langmuir constant, mg/g 

qm,DR Dubinin-Radushkevich monolayer capacity, mg/g 

qt Amount of lead adsorbed per unit mass of adsorbent at 

time t, mg/g 

R Gas constant, 8.314 J/mol/K  

T Temperature, K 

t Time, min 

  

Greek Symbols 

 

β Constant related to sorption energy, mg2/J2 

ε Polanyi potential, J/mol 

∆Go Change in Gibbs free energy, kJ/mol 

∆Ho Change in Enthalpy, kJ/mol 

∆So Change in Entropy, kJ/mol/K 

 

1. Introduction 

Lead is one of the potentially toxic heavy metals when adsorbed into the body [1]. 

For the last few decades the pollution of water resources due to indiscriminate 

disposal of lead metals has been creating worldwide threat. Lead is non-

biodegradable and can accumulate in living tissues, thus becoming concentrated 

throughout the food chain and can be readily absorbed into the human body [2]. 

The presence of lead in drinking water even at low concentration level may cause 

diseases such as anemia, encephalopathy, hepatitis and nephritic syndrome [3]. 

Lead is released into the environment in number of ways, including lead acid 

batteries, pulp and paper, petrochemicals, refineries, printing, pigments, photo-

graphic materials, explosive manufacturing, ceramic, glass, paint, oil, metal, 

phosphate fertilizer, electronic goods, wood production and also combustion of 
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fossil fuel, forest fires, mining activity, automobile emissions, sewage wastewater 

and sea spray [4-6].  

The presence of high levels of lead in the environment may cause long-term 

health risks to humans and ecosystems. It is therefore mandatory that their levels 

in drinking water, waste water and water used for agricultural and recreational 

purposes must be reduced to within the allowable concentrations recommended 

by national and international health authorities such as the World Health 

Organization. Lead removal from the wastewater prior to discharge into 

environment is, therefore, necessary. Current Environmental Protection Act 

(EPA) drinking water standard for lead are 0.05 mg/L, but a level of 0.02 mg/L 

has been proposed and is under review [7]. According to the Indian Standard 

Institution, the tolerance limit for discharge of lead into drinking water is 0.05 

mg/L and in land surface waters is 0.1 mg/L [8]. Increasingly stringent legislation 

on the purity of drinking water has created a growing interest in the development 

of the conventional treatment processes. Various chemical and physico-chemical 

methods for the treatment of wastewaters containing lead wastes are known, such 

as chemical precipitation, electrochemical reduction, ion exchange, biosorption 

and adsorption [9-13]. The choice of treatment depends on effluent characteristics 

such as concentration of lead, pH, temperature, flow volume, biological oxygen 

demand, economics involved and social factor like standard set by the 

government agencies. Many methods of wastewater treatment were examined and 

adsorption emerged as one of the most promising technique [14] as it is generally 

preferred for the removal of lead due to its high efficiency, easy handling, 

availability of different adsorbents and cost effectiveness.  

The use of activated carbon (AC) is still very popular and different grades are 

available, but are quite expensive and the regeneration of the carbon is not always 

possible. Activated carbon has been chosen as an adsorptive media for the 

removal of lead, by many researchers [15-18]. But the process has not been used 

extensively due its high cost. For that reason, the uses of low cost materials as 

sorbent for metal removal from the wastewater have been highlighted. More 

recently, great effort has been contributed to develop new adsorbents and improve 

existing adsorbents like granular activated carbon, other adsorbents such as iron 

oxide coated sand [19], porous cellulose carrier modified with polyethyleneimine 

[20], iron coat granular activated carbon [21], modified chitosan [22] and so on. 

One of the exploitation is the use of natural wastes. Materials investigated are 

cotton [23], walnut waste [24], peanut skin [25], sugar cane waste and onion   

skin [26], coffee grounds [27], apple waste [28], wool fibers [29], bark and other 

cellulosic material [30-34], cottonseed hulls, rice straw, soybean hulls [35] and 

linseed flax straw [36]. Because of the low cost and high availability of these 

materials, it is not essential to have complicated regeneration process. This low 

cost adsorption method has been attracting many scientists and engineers. 

The main objective of this research is to develop inexpensive and effective 

metal ion adsorbents from plentiful sources of natural wastes, such as tree leaves, 

to replace the existing commercial materials. In this paper, BT leaf powder as a 

new low-cost adsorbent were introduced and it was examined for their sorption 

properties towards Pb2+ ions removal. The influence of experimental parameter 

such as pH, contact time, temperature, adsorbent dosage and initial Pb2+ 
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concentrations were studied at 30oC. The adsorption process is studied from 

isotherm, kinetic and thermodynamic standpoints. 

 

2.  Experimental 

2.1.  Adsorbent 

The bael tree leaves were collected from Vaalmel Nadantha Amman Koil-

Temple, Ilayangudi, Sivagangai District, Tamilnadu, India. They were gathered 

from twigs into clean plastic bags. Washed with triple distilled water and laid flat 

on clean table to dry. Dry leaves were grounded with grinder. After grounded, the 

leaf particles were sieved and stored into plastic bag by size, and ready to use. 40 

mesh size of BT leaf particles were used as adsorbent for these studies. 

 

2.2. Adsorbate 

Stock solution of lead (100 mg/L) was prepared by dissolving Pb(NO3)2 salts 

(procured from Merck, India) in double distilled water. The concentration range 

of lead prepared from stock solution varied between 10 to 100 mg/L. All the 

chemicals used were of analytical reagent grade. 

 

2.3. Analysis 

The concentrations of lead in the solutions before and after equilibrium were 

determined by Perkin-Elmer 3100 Atomic absorption spectrometer. The pH of 

solution was measured with a Hanna pH meter using a combined glass electrode. 

The shaking was carried out in a water bath shaker. 

 

2.4. Adsorption experiment 

Adsorption experiments were conducted by varying pH, contact time, adsorbent 

dose, temperature and lead concentration. The experiments were carried out in 250 

mL Erlenmeyer flasks and the total volume of the reaction mixture was kept at 100 

mL. The pH of solution was maintained at a desired value by adding 0.1 M NaOH 

or HCl. The flasks were shaken for the required time period in a water bath shaker. 

The kinetics study was carried out by agitating 250 mL flasks containing 2 g of 

BT leaf powder and 100 mL lead solutions in water bath shaker. The mixture was 

agitated at 120 rpm at 30oC. The contact time was varied from 0 to 60 minutes. At 

predetermined time, the flasks were withdrawn from the shaker and the reaction 

mixtures were filtered through Whatman filter paper No. 40. For thermodynamic 

study, the experiment was performed using 2 g BT leaf powder added to 100 mL 

of lead solution in 250 mL flasks. The flasks were shaken at 120 rpm for 60 min 

at pH 5. The initial lead concentration used in this study was 50 and 100 mg/L. 

The isotherm study was performed using various concentrations of lead solutions. 

A 2 g BT leaf powder with 100 mL lead solutions of various initial concentrations 

was shaken at 120 rpm for 60 min at 30oC. The initial pH of the solution was 

adjusted to 5. All the experiments were performed in duplicates. The filtrate 

samples were analyzed by Atomic absorption spectrometer. The percentage 
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removal of lead from the aqueous solution was calculated according to the 

following equation: 

100
)(

Removal% ×
−

=
i

fi

C

CC
                (1) 

where Ci and Cf are the initial and final lead concentration (mg/L), respectively. 

 

3.  Results and Discussion 

3.1.  Effect of pH 

The adsorption of Pb2+ ions was found to be strongly dependent on the pH of the 

solution. Figure 1 demonstrates that the optimum pH for the adsorption Pb2+ ions 

was about 5 which were rather acidic. At low pH (below 3), there was excessive 

protonation of the active sites at BT leaf powder surface and this often refuses the 

formation of links between Pb2+ ions and the active site. At moderate pH values 

(3-6), linked H+ is released from the active sites and adsorbed amount of metal 

ions is generally found to increase. At higher pH values (above 6), the 

precipitation is dominant or both ion exchange and aqueous metal hydroxide 

formation may become significant mechanisms in the metal removal process. This 

condition is often not desirable as the metal precipitation could lead to a 

misunderstanding for the adsorption capacity. And in practice, metal precipitation 

is generally not a stabilized form of heavy metal as the precipitation can some 

time be very small in size, and upon the neutralization of the effluent from the 

wastewater treatment plant, the solubility of the metals increases resulting in a re-

contamination of the waste outlet stream. 

 

 

Fig. 1. Effect of pH on Pb Removal onto BT Leaf Powder                              

(Pb Concentration=50 mg/L, Adsorbent Dose=2 g/100 mL                           

and Equilibrium Time=1 h). 
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3.2. Effect of adsorbent dose  

The effect of the adsorbent dose was studied at room temperature (30oC) by 

varying the adsorbent amounts from 5 to 30 g/L. For all these runs, initial 

concentration of Pb2+ ions was fixed as 50 mg/L. Figure 2 shows the adsorption of 

Pb2+ increases as the adsorbent dosage increases from 5 to 30 g/L due to the 

limited availability of the number of adsorbing species for a relatively larger 

number of surface sites on the adsorbent at higher dosage of adsorbent. It is 

plausible that with higher dosage of adsorbent there would be greater availability 

of exchangeable sites from metals ions [37]. The significant increase in uptake 

was observed when the dose was increased from 5 to 20 g/L. Any further addition 

of the adsorbent beyond this did not cause any significant change in the 

adsorption. This may be due to overlapping of adsorption sites as a result of over-

crowding of adsorbent particles [38]. The maximum removal of Pb2+ was 

obtained in the adsorbent dose of 20 g/L. On considering this fact for the 

subsequent studies, the amount of adsorbent was taken as 20 g/L.  

 

 

Fig. 2. Effect of Adsorbent Dose on Pb Removal onto BT Leaf Powder                              

(Pb Concentration=50 mg/L, Volume of Sample=100 mL,                             

pH=5 and Equilibrium Time=1 h). 

 

3.3. Effect of contact time 

Adsorption of Pb2+ was measured at given contact times for four different initial 

Pb2+concentrations of 25, 50, 75 and 100 mg/L. From Fig. 3 the plot reveals that 

the rate of percent lead removal is higher at the beginning. This is probably due 

to larger surface area of the leaves being available at beginning for the 

adsorption of Pb2+ ions. As the surface adsorption sites become exhausted, the 

uptake rate is controlled by the rate at which the adsorbate is transported from 

the exterior to the interior sites of the adsorbent particles. Most of the maximum 

percent lead removal was attained after about 60 min of shaking time at 

different initial concentrations. The increasing contact time increased the Pb2+ 

adsorption and it remains constant after equilibrium reached in 30 min for 

different initial concentrations. 



           Adsorption of Pb
2+
 Ions from Aqueous Solutions onto Bael Tree Leaf Powder       387 

 

 
 
Journal of Engineering Science and Technology       December 2009, Vol. 4(4) 
 

 

 

Fig. 3. Effect of Contact Time on Pb Removal onto BT Leaf Powder                              

(Pb Concentration=25-100 mg/L, Adsorbent Dose=2 g/100 mL,                

pH=5 and Equilibrium Time=1 h). 

 

3.4. Effect of initial concentration 

Lead adsorption is significantly influenced by the initial concentration of Pb2+ 

ions in aqueous solutions. In the present study, the initial Pb2+ concentration is 

varied from 25 to 100 mg/L while maintaining the adsorbent dosage at 20 g/L. 

Figure 4 shows the effect of initial concentration on percentage removal of Pb2+ 

ions. The percentage removal decreases from 90.07% (for 25 mg/L) to 78.21% 

(for 100 mg/L) at the same contact time and adsorption temperature. The 

percentage removal of Pb2+ ions decreases with an increase in initial Pb2+ ions 

concentration. It may be due to an increase in the number of Pb2+ ions for the 

fixed amount of adsorbent. 

 

 

Fig. 4. Effect of Initial Concentration on Pb Removal onto BT Leaf Powder                              

(Pb Concentration=25-100 mg/L, Adsorbent Dose=2 g/100 mL,                

pH=5 and Equilibrium Time=1 h). 
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3.5. Effect of temperature 

The adsorption of lead on BT leaf powder was investigated as a function of 

temperature and maximum removal of lead was obtained at 30oC. Experiments 

were performed at different temperatures of 30, 40, 50 and 60oC for the initial 

lead concentrations of 50 and 100 mg/L at constant adsorbent dose of 20 g/L and 

pH of 5. The adsorption decreased from 84.91 to 73.21% and 78.21 to 68.78% for 

the initial lead concentrations of 50 and 100 mg/L respectively with the rise in 

temperature from 30 to 60oC (Fig. 5). This is mainly due to the decreased surface 

activity suggesting that adsorption between lead and BT leaf powder was an 

exothermic process. 

 

 

Fig. 5. Effect Temperature on Pb Removal onto BT Leaf Powder                              

(Pb Concentration=50 and 100 mg/L, Adsorbent Dose=2 g/100 mL,                

pH=5 and Equilibrium Time=1 h). 

 

 

3.6.  Thermodynamic study 

Thermodynamic parameters such as Gibbs free energy ∆Go, enthalpy, ∆Ho and 

entropy, and ∆So, change of adsorption can be evaluated from the following equations 

e

Ae
c

C

C
K =                   (2) 

c

o KRTG ln−=∆                  (3) 

RT

H

R

S
K

oo

c
303.2303.2

log
∆

−
∆

=                 (4) 

where Kc is the equilibrium constant, Ce is the equilibrium concentration in 

solution (mg/L) and CAe is the solid-phase concentration at equilibrium 

(mg/L). ∆Go, ∆Ho and ∆So are changes in Gibbs free energy (kJ/mol), enthalpy 

(kJ/mol) and entropy (J/mol/K), respectively, R is the gas constant (8.314 J/mol/K) 
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and T is the temperature (K). The values of ∆Ho and ∆So are determined from the 

slope and the intercept of the plots of plots of log Kc versus 1/T (Fig. 6.). The ∆Go 

values were calculated using Eq. (3). The plots were used to compute the values of 

thermodynamic parameters (Table 1). The negative ∆Go value indicates the 

feasibility and spontaneous nature of the adsorption process; negative ∆Ho value 

suggests the exothermic nature of adsorption and the ∆So can be used to describe the 

randomness at the BT leaf powder-solution interface during the sorption. 

 

 

Fig. 6. Thermodynamic Study.  

 

Table 1. Thermodynamic Parameters for the Adsorption of Pb2+               

Ions onto Bael Tree Leaf Powder. 

oG∆ (kJ/mol) Initial 

Pb
2+ 

Concn. 

(mg/L) 

oH∆ (kJ/mol) 
oS∆ (J/mol/K) 

30oC 40oC 50oC 60oC 

50 -20.717 -53.957 -4.352 -3.919 -3.228 -2.783 

100 -14.121 -35.824 -3.219 -2.982 -2.442 -2.187 

 

It has been reported that ∆Go up to -20 kJ/mol are consistent with electrostatic 

interaction between sorption sites and the metal ion (physical adsorption), while 

∆Go values more negative than -40 kJ/mol involve charge sharing or transfer from 

the biomass surface to the metal ion to form a coordinate bond (chemical 

adsorption) [39]. The ∆Go values obtained in this study for the Pb2+ ions are       

<-10 kJ/mol, which indicates that physical adsorption was the predominant 

mechanism in the sorption process [40].  

 

3.7. Adsorption isotherms 

Adsorption isotherms, which are the presentation of the amount of solute 

adsorbed per unit of adsorbent, as a function of equilibrium concentration in bulk 
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solution at constant temperature, were studied. In order to optimize the design of a 

sorption system to remove lead from aqueous solutions, it is important to 

establish the most appropriate correlation for the equilibrium curve. Four isotherm 

equations have been tested in the present study, namely, Langmuir, Freundlich, 

Temkin and Dubinin-Radushkevich. 

 

3.7.1. The Langmuir isotherm 

The Langmuir model [41] is based on the assumption that the maximum adsorption 

occurs when a saturated monolayer of solute molecules is present on the adsorbent 

surface, the energy of adsorption is constant and there is no migration of adsorbate 

molecules in the surface plane. The Langmuir isotherm is given by: 

eC1 L

eLm
e

K

CKq
q

+
=                   (5) 

 

where Ce is the equilibrium concentration in solution (mg/L), qm and KL are 

the Langmuir constants, representing the maximum adsorption capacity for the 

solid phase loading and the energy constant related to the heat of adsorption 

respectively. 

 

3.7.2. The Freundlich isotherm 

The Freundlich isotherm model [42] is an empirical relationship describing the 

adsorption of solutes from a liquid to a solid surface and assumes that different 

sites with several adsorption energies are involved. Freundlich adsorption 

isotherm is the relationship between the amounts of lead adsorbed per unit mass 

of adsorbent, qe, and the concentration of the lead at equilibrium, Ce. 

 
/n

efe CKq 1=                   (6) 

 

where Kf  and n are the Freundlich constants, the characteristics of the system. 

Kf  and n are the indicator of the adsorption capacity and adsorption intensity, 

respectively.  

 

3.7.3.  The Temkin isotherm 

The Temkin isotherm [43] has been used in the following form: 

 

)(ln ee CABq =                   (7) 

 

where A and B are Temkin isotherm constants. 

Temkin isotherm contains a factor that explicitly takes into the account 

adsorbing species-adsorbent interactions. This isotherm assumes that (i) the heat 

of adsorption of all the molecules in the layer decreases linearly with coverage 

due to adsorbent-adsorbate interactions, and that (ii) the adsorption is 

characterized by a uniform distribution of binding energies, up to some maximum 

binding energy. 
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3.7.4.  Dubinin-Radushkevich isotherm 

The Dubinin-Radushkevich [44] has the following form 

 
2εβ−= eqq DR,me                   (8) 

 

where qm, DR is the Dubinin-Radushkevich monolayer capacity (mg/g), β is a 

constant related to sorption energy, and ε is the Polanyi potential which is related 

to the equilibrium concentration as follows 









+=

eC
RT

1
1lnε                  (9) 

 

where R is the gas constant (8.314 J/mol K) and T is the absolute temperature.  

The constant β gives the mean free energy, E, of sorption per molecule of the 

sorbate when it is transferred to the surface of the solid from infinity in the 

solution and can be computed using the relationship 

β2

1
=E                 (10) 

 

The experimental data on the effect of an initial concentration of lead on the 

BT leaf powder of the test medium were fitted to the isotherm models and 

graphical representations of these models are presented in Fig. 7. All of the 

constants are presented in Table 2. 

 

Table 2. Isotherm Models Constants and Correlation Coefficients for 

Adsorption of Pb
2+
 Ions onto Bael Tree Leaf Powder. 

Langmuir Isotherm Freundlich Isotherm 

qm 

(mg/g) 
KL R

2
 Kf  n R

2
 

4.065 0.183 0.993 0.741 1.805 0.948 
 

Temkin Dubinin-Radushkevich 

A 

(L/g) 
B R

2
 

qm, DR 

(mg/g) 

β 

(mg
2
/J
2
) 

E 

(kJ/mg) 
R
2
 

2.344 0.328 0.988 2.068 7.5 x 10-8 2.582 0.902 

 

Since the value of R2 nearer to 1 indicates that the respective equation better 

fits the experimental data. The representations of the experimental data by all 

models equation result in non-linear curve with R2 values of a least 0.902 as 

tabulated in Table 2. Langmuir isotherm was concluded to be preferred model for 

the adsorption process. The observations confirm the capacity of BT leaf powder 

to adsorb lead fit: the Langmuir model fits well with R2 value of 0.993.  
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3.8. Kinetic study 

In order to investigate the controlling mechanism of adsorption processes such as 

mass transfer and chemical reaction, a suitable kinetic model is needed to analyze 

the data. Any kinetic or mass transfer representation is likely to be global. From a 

system design point of view, a lumped analysis of kinetic data is hence sufficient 

for practical operations. 

 

3.8.1.  Pseudo-first-order model 

The sorption kinetics may be described by a pseudo-first-order equation [45]. The 

differential equation is the following 

 

)(
d

d
qqk

t

q
ead −=                               (11) 

 

After integration by applying the initial conditions q = 0 at t = 0 and q = qt at   

t = t, Eq. (11) becomes: 

t
k

qq

q ad

te

e

303.2
log =









−
               (12) 

 

Equation (12) can be rearranged to obtain a linear form: 

t
k

qqq ad
ete

303.2
log)(log −=−               (13) 

where qt and
 
qe are the amount of lead adsorbed (mg/g) at time t and at 

equilibrium respectively and kad is the rate constant of the pseudo-first-order 

adsorption process (min-1).  

 

Fig. 7. Adsorption Isotherms.  
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Figure 8 shows a plot of linearized form of pseudo-first-order at all 

concentrations studied. The slopes and intercepts of plots of log (qe – 
qt) versus 

t were used to determine the first-order rate constant kad and equilibrium 

adsorption density qe. However, the experimental data deviated considerably 

from the theoretical data. A comparison of the results with the correlation 

coefficients is shown in Table 3. The correlation coefficients for the pseudo-

first-order kinetic model obtained at all the studied concentrations were low. 

Also the theoretical qe values found from the pseudo-first-order kinetic model 

did not give reasonable values. This suggests that this adsorption system is not a 

first-order reaction. 

 

 
Fig. 8. Pseudo-first-order Reaction for Lead Adsorbed onto                           

BT Leaf Powder at Different Concentrations. 

 

 

Table 3. Comparison between the Adsorption Rate Constants, qe,    

Estimated and Correlation Coefficients Associated with Pseudo-first-order 

and to the Pseudo-second-order Rate Equations and Intraparticle Diffusion. 

Pseudo-first-order rate 

equation 

Intraparticle 

diffusion 
Initial 

Pb
2+ 

Concn. 

(mg/L) 
kad 

(min
-1
) 

qe 

(mg/g) 
R2 

kp 

(mg/g. 

min
1/2
) 

R2 

50 0.166 2.249 0.888 0.445 0.986 

100 0.166 4.436 0.883 0.813 0.990 
 

Pseudo-second-order rate 

equations 
Initial 

Pb
2+ 

Concn. 

(mg/L) 

k 

(g mg-1 

min
-1
) 

qe ,  

cal. 

(mg/g) 

R2 

h 

(mg g-1 

min
-1
) 

qe, 

exp. 

(mg/g) 

50 0.142 2.262 0.998 0.728 2.125 

100 0.071 4.184 0.998 1.248 3.913 
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3.8.2.  Pseudo-second-order model 

The adsorption kinetics may also be described by a pseudo-second-order equation 

[46]. The differential equation is the following: 

2)(
d

d
qqk

t

q
e −=                 (14) 

 

Integrating Eq. (14) and applying the boundary conditions, gives: 

tk
qqq ete

+=
−

11
               (15) 

 

Equation (15) can be rearranged to obtain a linear form: 

t
qhq

t

et

11
+=                 (16) 

 

Where h = kqe
2 (mg g-1min-1) can be regarded as the initial adsorption rate as 

t→0 and k is the rate constant of pseudo-second-order adsorption (g mg-1min-1). 

The plot t/qt versus t should give a straight line if pseudo-second-order kinetics is 

applicable and the qe, k and h can be determined from the slope and intercept of 

the above plot. The straight lines in plot of t/qt versus t (Fig. 9.) shows the good 

agreement of experimental data with the second-order kinetic model for different 

initial concentrations. Table 3 lists the computed results obtained from the 

second-order kinetic model. The correlation coefficients for the second-order 

kinetic model obtained were greater than 0.998 for all concentrations. The 

calculated qe 
values also agree very well with the experimental data. These 

indicate that the adsorption system studied belongs to the pseudo-second-order 

kinetic model. The similar phenomena are also observed in adsorption of copper 

onto cedar sawdust and crushed brick [47] and in adsorption of copper and lead 

on tea waste [48].  

 

 
Fig. 9. Pseudo-second-order Reaction for Lead Adsorbed onto                           

BT Leaf Powder at Different Concentrations. 
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3.8.3.  Intraparticle diffusion model 

Because Eqs. (12) and (15) can not identify the diffusion mechanisms, the 

intraparticle diffusion model [49] was also tested. The initial rate of the 

intraparticle diffusion is given by the following equation: 

)( 2
1

tfqt =                 (17) 

 

The rate parameters for intraparticle diffusion (kp) at different initial 

concentrations are determined using the following equation. 

 

2
1

tkq pt =                 (18) 

 

where kp is the intraparticle diffusion rate constant, (mg/gmin1/2). Such plots 

may present a multilinearity [50, 51], indicating that two or more steps take place. 

The first, sharper portion is the external surface adsorption or instantaneous 

adsorption stage. The second portion is the gradual adsorption stage, where 

intraparticle diffusion is rate-controlled. The third portion is the final equilibrium 

stage where intraparticle diffusion starts to slow down due to extremely low 

adsorbate concentrations in the solution.  

Figure 10 shows a plot of the linearized form of the intraparticle diffusion 

model at all concentrations studied. As shown in Fig. 10, the external surface 

adsorption (stage 1) is absent. Stage 1 is completed before 5 min, and then the 

stage of intraparticle diffusion control (stage 2) is attained and continues from 5 

min to 30 min. Finally, final equilibrium adsorption (stage 3) starts after 30 min. 

The lead is slowly transported via intraparticle diffusion into the particles and is 

finally retained in the micropores. In general, the slope of the line in stage 2 is 

called as intraparticle diffusion rate constant, kp. The rate parameters, kp, together 

with the correlation coefficients are also listed in Table 3.  

 

 

 
Fig. 10. Intraparticle Diffusion Model for Lead Adsorbed onto                           

BT Leaf Powder at Different Concentrations. 
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The pseudo second-order kinetic model provides the best correlation for all of 

the adsorption process, whereas the intraparticle diffusion model fits the 

experimental data well for an initial period of the adsorption process only. Hence 

it was concluded that the intraparticle diffusion was found to be rate limiting, 

followed by the pseudo second-order kinetic model. Similar phenomena are also 

observed in adsorption of phenols on fly ash [52], in adsorption of lead (II) on 

cypress leaves [53], and in adsorption of chrome dye (OCRME) on mixed 

adsorbents-fly ash and coal [54]. 

 

4.  Conclusions 

Equilibrium, kinetic and thermodynamic studies were made for the adsorption of 

Pb2+ ions from aqueous solution onto BT leaf powder at pH 5. The equilibrium 

data have been analyzed using Langmuir, Freundlich, Temkin and Dubinin-

Radushkevich isotherms. The characteristic parameters for each isotherm and 

related correlation coefficients have been determined. The Langmuir isotherm 

was demonstrated to provide the best correlation for the sorption of Pb2+ ions onto 

BT leaf powder. The suitability of the pseudo first- and second-order equations 

and intraparticle diffusion kinetic model for the sorption of Pb2+ ions onto BT leaf 

powder is also discussed. The adsorption of lead can be described by the 

intraparticle diffusion model up to 60 min. The intraparticle diffusion model 

indicates that the external surface adsorption (stage 1) is absent because of 

completing before 5 min, and final equilibrium adsorption (stage 3) is started after 

30 min. The Pb2+ is slowly transported via intraparticle diffusion into the particles 

and is finally retained in micropores. The pseudo second-order kinetic model 

agrees very well with the dynamical behavior for the adsorption of Pb2+ ions onto 

BT leaf powder for different initial Pb2+ ions concentrations over the whole range 

studied. It may be concluded that BT leaf powder may be used as a low-cost, 

natural and abundant source for the removal of Pb2+ ions from the wastewater. 

 

References 

1. Friberg, L.; Nordberg, G.F. and Vouk B. (1979). Handbook on the toxicology 

of metals, Elsevier, North-Holland, Biomedical press, Amsterdam. 

2. Wong, K.K.; Lee, C.K.; Low, K.S. and Haron, M.J. (2003). Removal of Cu 

and Pb by tartaric acid modified rice husk from aqueous solutions. 

Chemosphere, 50(1), 23-28. 

3. Lo, W.; Chua, H.; Lam, K.H. and Bi, S.H. (1999). A comparative 

investigation on the biosorption of lead by filamentous fungal biomass. 

Chemosphere, 39(15), 2723–2736. 

4. Jalali, R.; Ghafourian, H.; Asef, Y.; Davarpanah, S.J. and Sepehr, S. (2002). 

Removal and recovery of lead using nonliving biomass of marine algae. J. 

Hazard. Mater., 92(3), 253–262. 

5. Gupta, V.K.; Gupta, M. and Sharma, S. (2001). Process development for the 

removal of lead and chromium from aqueous solutions using red mud-an 

aluminium industry waste. Water Res., 35(5), 1125–1134. 

6. Conrad, K. and Hansen, H.C.B. (2007). Sorption of zinc and lead on coir. 

Bioresour. Technol., 98(1), 89–97. 

 



           Adsorption of Pb
2+
 Ions from Aqueous Solutions onto Bael Tree Leaf Powder       397 

 

 
 
Journal of Engineering Science and Technology       December 2009, Vol. 4(4) 
 

 

7. Groffman, A.; Peterson, S. and Brookins, D. (1992). Removing lead from 

wastewater using zeolites. Water Environ. Technol., 4(5), 54–59. 

8. I.S.I. (1982). Tolerance limits for industrial effluents prescribed by Indian 

Standards Institution’, IS: 2490 (Part II), New Delhi, India. 

9. Husein, M.M.; Vera, J.H. and Weber, M.E. (1998). Removal of lead from 

aqueous solutions with sodium caprate. Sep. Sci. Technol., 33(12), 1889–1904. 

10. Lin, S.W. and Navarro, R.M.F. (1999). An innovative method for removing 

Hg2+ and Pb2+ in ppm concentrations from aqueous media. Chemosphere, 

39(11), 1809–1817. 

11. Petruzzelli, D.; Pagano, M.; Tiravanti, G. and Passino, R. (1999). Lead 

removal and recovery from battery wastewaters by natural zeolite 

clinoptilolite. Solvent Extr. Ion Exch., 17(3), 677-694. 

12. Saeed, A.; Iqbal, M. and Akhtar, M.W. (2005). Removal and recovery of 

lead(II) from single and multimetal (Cd, Cu, Ni, Zn) solutions by crop 

milling waste (black gram husk). J. Hazard. Mater., 117(1), 65–73. 

13. Doyurum, S. and Celik, A. (2006). Pb(II) and Cd(II) removal from aqueous 

solutions by olive cake. J. Hazard. Mater., 138 (1), 22–28. 

14. Pollard, T.J.S.; Fowler, D.G.; Sollars, J.C. and Perry, R. (1992). Low-cost 

adsorbents for waste and wastewater treatment: a review. Sci. Total 

Environ., 116(1-2), 31–52. 

15. Goel, J.; Kadirvelu, K.; Rajagopal, C. and Garg, V.K. (2005). Removal of 

lead(II) by adsorption using treated granular activated carbon: batch and 

column studies. J. Hazard. Mater. 125(1-3), 211–220. 

16. Issabayeva, G.; Aroua, K.M. and Sulaiman, N.M.N. (2006). Removal of 

lead from aqueous solutions on palm shell activated carbon. Bioresour. 

Technol., 97(18), 2350–2355. 

17. Singh, C.K.; Sahu, J.N.; Mahalik, K.K.; Mohanty, C.R.; Raj Mohan, B. and 

Meikap, B.C. (2008). Studies on the removal of Pb(II) from wastewater by 

activated carbon developed from Tamarind wood activated with sulphuric 

acid. J. Hazard. Mater., 153(1-2), 221–228. 

18. Mohanty, K.; Jha, M.; Meikap, B.C. and Biswas, M.N. (2005). Preparation, 

characterization of activated carbons from terminalia arjuna nut with zinc 

chloride activation for the removal of phenol from waste water. Ind. Eng. 

Chem. Res., 44(11), 4128–4138. 

19. Benjamin, M.M.; Sletten, R.S.; Bailey, R.P. and Bennett, T. (1996). Sorption 

and filtration of metals using iron-oxide-coated sand. Water Res., 30(11), 

2609-2620. 

20. Navarro, R.R.; Sumi, K.; Fujii, N. and Matsumura, M. (1996). Mercury 

removal from wastewater using porous cellulose carrier modified with 

polyethyleneimine. Water Res., 30(10), 2488-2494. 

21. Reddy, K.P. (1994). Critical issues in water and wastewater treatment. 

National Conference on Environmental Engineering by ASCE. New York, 

NY, USA. 392-399. 

22. Saucedo, I; Guibal, E.; Roussy, J.; Roulph, C. and Le Cloirec, P. (1993). 

Uranium sorption by glutamate glucan. A modified chitosan. Part I. 

Equilibrium studies. Water S.A., 19(2), 113-118. 

23. Roberts, E.J. and Rowland, S.P. (1973). Removal of mercury from aqueous 

solutions by nitrogen containing chemically modified cotton. Environ. Sci. 

Technol., 7(6), 552-555. 



398       P. Senthil Kumar and R. Gayathri 

 

 
 
Journal of Engineering Science and Technology        December 2009, Vol. 4(4) 

 

24. Randall, J.M.; Reuter, F.W. and Waiss, A.C. (1975). Removal of cupric ions from 

solution by contact with peanut skins. J. Appl. Polym. Sci., 19(6), 1563-1571. 

25. Randall, J.M.; Hautala, E. and Waiss, A.C. (1978). Binding of heavy metal ions 

by formaldehyde polimerized peanut skins. J. Appl. Polym. Sci., 22(2), 379-389. 

26. Kumar, P. and Dara, S.S. (1982). Utilization of agricultural wastes for 

decontaminating industrial/domestic wastewaters from toxic metals. Agric. 

Wastes, 4(3), 213-223. 

27. Macchi, G.; Marani, D. and Tirivanti, G. (1986). Uptake of mercury by 

exhausted coffee grounds. Environ. Technol. Lett., 7(8), 431-444. 

28. Maranon, E. and Sastre, H. (1991). Heavy metal removal in packed beds 

using apple wastes. Bioresource Technol., 38(1), 39-43. 

29. Balkose, D. and Baltacioglu, H. (1992). Adsorption of heavy metal cations from 

aqueous solutions by wool fibers. J. Chem. Technol. Biotechnol., 54(4), 393-397. 

30. Deshkar, A.M. and Dara, S.D. (1988). Sorption of mercury by Techtona 

grandis bark. Asian Environ., 10(4), 3-11. 

31. Freer, J.; Baeza, J.; Maturana, H. and Palma, G. (1989). Removal and 

recovery of uranium by modified Pinus radiata D. Don bark. J. Chem. 

Technol. Biotechnol., 46(1), 41-48. 

32. Randall, J.M.; Garret, V.; Bermann, R.L. and Waiss, A.C. (1974). Use of bark 

to remove heavy metal ions from waste solutions. Forest Prod. J., 24(9), 80-84. 

33. Randall, J.M.; Hautala, E.; Waiss, A.C. and Tschernitz, J.L. (1976). Modified 

barks as scavengers for heavy metal ions. Forest Prod. J., 26(8), 46-50. 

34. Randall, J.M. (1977). Variation in effectiveness of barks as scavengers for 

heavy metal ions. Forest Prod. J., 27(11), 51-56. 

35. Marshall, W.E. and Champagne, E.T. (1995). Agricultural Byproducts as 

Adsorbents for Metal Ions in Laboratory Prepared Solutions and in 

Manufacturing Wastewater, Journal of Environmental Science and Health. 

Part A: Environmental Science and Engineering, 30(2), 241-261. 

36. Taylor, D.T.; Edyvean, R.G.J. and Johnson, D.J. (1994). Investigations into 

the use of Linseed Flax Straw for the removal of metals from wastewater. 

Institution of Chemical Engineers Symposium Series. Published by Institute 

of Chemical Engineers, Rugby, England. 116-118. 

37. Babel, S. and Kurniawan, T.A. (2004). Cr (VI) removal from synthetic 

wastewater using coconut shell charcoal and commercial activated carbon 

modified with oxidizing agents and/or chitosan. Chemosphere, 54(7), 951-967. 

38. Namasivayam, C.; Prabha, D. and Kumutha, M. (1998). Removal of direct 

red and acid brilliant blue by adsorption on to banana pith. Bioresour. 

Technol. 64(1), 77–79. 

39. Horsfall, M.; Spiff, A.I. and Abia, A.A. (2004). Studies on the influence of 

mercaptoacetic acid (MAA) modification of cassava (Manihot sculenta 

cranz) waste Biomass on the adsorption of Cu2+ and Cd2+ from aqueous 

solution. Bull. Korean Chem. Soc., 25(7), 969-976. 

40. Abdel Ghani N.T. and Elchaghaby, G.A., (2007). Influence of operating 

conditions on the removal of Cu, Zn, Cd and Pb ion from wastewater by 

adsorption. Int. J. Environ. Sci. Tech., 4(4), 451-456. 

41. Langmuir, I. (1918). The adsorption of gases on plane surfaces of glass, mica 

and platinum. J. Am Chem Soc., 40(8), 1361-1403. 

42. Freundlich, H.M.F. (1906). Over the adsorption in solution. J. Phys. Chem., 

57, 385-471. 



           Adsorption of Pb
2+
 Ions from Aqueous Solutions onto Bael Tree Leaf Powder       399 

 

 
 
Journal of Engineering Science and Technology       December 2009, Vol. 4(4) 
 

 

43. Temkin, M.J. and Pyzhev, V. (1940). Recent modifications to Langmuir 

isotherms. Acta Physicochim URSS, 12, 217-222. 

44. Dubinin, M.M. and Radushkevich, L.V. (1947). Equation of the characteristic 

curve of activated charcoal. Chem Zent., 1(1), 875. 

45. Legergren, S. (1898). About the theory of so called adsorption of soluble 

substances, Ksver Veterskapsakad Handl., 24, 1-6. 

46. Ho, Y.S. and McKay, G., (1999). Psudo-second order model for sorption 

processes. Process Biochem., 34(5), 451-65. 

47. Djeribi, R. and Hamdauoui, O. (2008). Sorption of copper(II) from aqueous 

solutions by cedar sawdust and crushed brick.  Desalination, 225(1-3), 95-112. 

48. Amarasinghe, B.M.W.P.K and Williams, R.A. (2007). Tea waste as a low 

cost adsorbent for the removal of Cu and Pb from wastewater. Chem. Engg. 

Jour., 132(1-3), 299-309. 

49. Weber Jr Wj and Morris, J.C. (1963). Kinetics of adsorption on carbon from 

solution. J. Sanit. Eng. Div. ASCE, 89(SA2), 31-59. 

50. Annadurai, G.; Juang, R.S. and Lee, D.J. (2002). Use of cellulose based wastes 

for adsorption of dyes from aqueous solutions. J. Hazard. Mater., 92(3), 263-274. 

51. Wu, F.C.; Tseng, R.L. and Juang, R.S. (2001a). Adsorption of dyes and 

phenols from water on the activated carbon prepared from corn cob wastes. 

Environ. Technol., 22(2), 205-213.  

52. Singh, B. K. and Rawat, N.S. (1994). Comparative sorption kinetic studies of 

phenolic compounds on fly ash and impregnated fly ash. J. Chem. Tech. 

Biotechol., 61(1), 57-65. 

53. Salim, R.; Al-Subu, M.M. and Qashoa, S. (1994). Removal of lead from 

polluted water using decaying leaves. J. Environ. Sci. Health Part A Environ. 

Sci. Eng., 29(10), 2087-2114. 

54. Gupta, G.S.; Prasad, G. and Singh, V.N. (1990). Removal of chrome dye from 

aqueous solutions by mixed adsorbents: Fly ash and coal. Water Res., 24 (1), 45-50. 


