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Abstract 
The effectiveness of Pongamia pinnata leaf powder for biosorption of lead from aqueous solutions was investigated.  

The optimum dosage was 20 g/L at the equilibrium agitation time of 60 min.  The extent of biosorption was 

maximum at pH = 6.  The maximum monolayer coverage capacity of Pongamia pinnata leaf powder for lead ions 
was 11.16 mg/g.   The quadratic model for Central Composite Design (CCD) described the experimental data well.  

The optimum biosorption was found at pH = 5.8192, temperature = 299.8721 K, biosorbent dosage = 19.8699 g/L 

and initial lead ion concentration =10.4046 mg/L. The experimental data were well described by Freundlich and 

Langmuir isotherm models.  The biosorption data followed pseudo second order kinetics (k2 = 0.397 g/mg-min).  

The biosorption was endothermic, irreversible and feasible.  

Keywords: Lead, Biosorption, Pongamia pinnata leaf powder, Response Surface Methodology (RSM), Central 

Composite Design (CCD), Thermodynamics  

 

INTRODUCTION 

The high level of industrialization and urbanization has resulted in serious environmental 

pollution.  Discharge of heavy metals from various industries such as mining, ore processing, 

smelting and metal plating can easily cause metal pollution and has hazardous effects on human 

beings, animals and environmental balances.  The United States Environmental Protection 

Agency (USEPA) published a list of organic and inorganic pollutants which are found in 

wastewater and constitute serious health hazards [1].  The most hazardous metals listed in the 

report are antimony, arsenic, chromium, lead, mercury etc.  The presence of metal ions in natural 

or industrial wastewater, their potential, and sequestration has been a subject of great importance 

in environmental restoration over the past two decades [2,3].  Pb(II) is among one of the most 

toxic metals found in the environment and a cumulative poison.  It can trigger both acute and 

chronic symptoms of poisoning.  Its high affinity for proteins leads to inhibition of the red blood 

cells and the vital transport of oxygen.  Such intoxication leads to encephalopathy in the central 

nervous systems, necrosis in kidney, and damage to the reproductive organs, anemia and many 

metabolic deficiency symptoms.  The Environmental Protection Agency (EPA) standards for 

lead in wastewater and drinking water are 0.5 and 0.05 mg/L respectively [4].  Various treatment 

technologies like filtration, chemical precipitation, coagulation, solvent extraction, electrolysis, 

ion exchange, membrane process, biosorption and adsorption [5–8] have been developed for 

removing toxic lead.  The usage of activated carbons and biosorbents has been intensively 

studied as an effective means to mitigate wide variety of soluble heavy metals from aqueous 

solution [9–11]. 

The purpose of this investigation is to investigate the potential of P. pinnata leaf powder to 

biosorb lead ions from aqueous solutions.  The drawbacks in conventional optimization methods 

are eliminated by optimizing all the parameters collectively by Central Composite Design (CCD) 

[12] using Response Surface Methodology (RSM).  The equilibrium, thermodynamic and kinetic 

models are also applied to the experimental data.   

 

MATERIALS AND METHODS 

Preparation of biosorbent: Pongamia pinnata Linnaeus (Fabaceae) is a large deciduous fast 

growing nitrogen fixing and ever green tree widely distributed in humid subtropical regions of 
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Asia, India and South Asia.  It is also naturalized in Fiji, Australia, Japan, Malaysia, Egypt, 

Florida and Hawaii.  Different parts of this plant have traditional medicinal uses [13,14].  P. 

pinnata leaves are collected from Andhra University, Visakhapatnam. These leaves are washed, 

repeatedly with tap water to remove dust and soluble impurities and dried at room temperature in 

shadow.  The dried leaves are grinded into fine powder.  The powder is sieved and the size 

fractions of 45, 75 and 150 μm size are used in these experiments.   

Preparation of Pb (II) solutions: 

A stock solution of 1000 g/L lead(II) is prepared by dissolving 1.615 g of 99% Pb(NO3)2 in 1 L 

of deionized water.  The concentrations of lead(II) used in this study (3.4–145.9 mg/L) are 

obtained by appropriate dilution of the stock solution.  The pH of the solution is adjusted to the 

desired value by adding required quantity of 0.1N HNO3 or 0.1N NaOH. 

Fourier Transform Infrared (FTIR)  Spectroscopy: 

FTIR  spectroscopy is used to identify the functional groups present in the biomass.  The samples 

of the P. pinnata leaf powder before and after biosorption of lead are dried overnight to remove 

humidity and encapsulated into dry potassium bromide discs.  These discs are then scanned into 

transmission mode using a FTIR spectrometer at a wavelength range of 400 to 4000cm
-1

. 

Batch biosorption procedure: 

Batch biosorption experiments are performed by shaking, 10 g/L of 45 μm biosorbent with 50 

mL aqueous solution having 18.5 mg/L lead concentration in each of 250 mL Erlenmeyer flasks.  

The contents of the flasks are agitated in a shaker at a speed of 160 rpm at 30
0
C for different 

agitation times (1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180 min).  After completion of 

agitation, the solutions are filtered by Watmann filter paper and analyzed for lead ion 

concentration in an Atomic Absorption Spectrophotometer (AAS-Perkin Elmer, A Analyst, 200 

model).  Air-acetylene flame is used at a wave length of 283.31 nm with a slit width of 2.7 mm 

and sensitivity of 8 mg/L.  The percentage biosorption of Pb(II) is determined by the expression: 

% biosorption = (Co–Ct) x 100/Co                         (1) 

Where Co is the initial concentration of lead in the aqueous solution, mg/L and Ct is final 

concentration of lead in the aqueous solution, mg/L after agitation time. 

The amount of the lead biosorbed, mg per unit mass of biosorbent is obtained by using the 

equation: 

qt =(Co−Ct )/m                       (2) 

where qt is the adsorbed metal (mg/g biosorbent) on the sorbent and m is the weight of sorbent 

per litre of sorbate.  The amount of metal ion sorbed at equilibrium, qe, is calculated using Eq. 

(2).  The experiments are repeated by varying the biosorbent size, dosage, pH of the aqueous 

solution, initial concentration of lead in the aqueous solution and temperature of the aqueous 

solution.  The experimental conditions investigated are shown in table-1. 

Preliminary experimental runs for the biosorption of lead using P. pinnata leaf powder needed 

for CCD have been obtained by assigning four experimental modes, as listed below, varying one 

parameter and keeping the other three parameters constant at equilibrium agitation time and 

optimum dp.   

Mode 1: pH of the aqueous is varied from 1 - 10 keeping the biosorbent dosage, initial lead ion 

concentration and temperature constant. 

Mode 2: Keeping pH, initial lead ion concentration and temperature as constants, the biosorbent 

dosage is varied as 10 - 30 g/L. 

Mode 3: Initial lead ion concentration is varied as 3.4 to 145.9 mg/L, keeping the other     

               parameters constant. 
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Mode 4: The data are generated by keeping three variables constant and varying the temperature 

of the aqueous solution from 283 – 323K. 

 

RESPONSE SURFACE METHODOLOGY (RSM) 

RSM is a combination of mathematical and statistical techniques used for developing, improving 

and optimizing the processes.  RSM usually contain three steps: (i) design and experiments; (ii) 

response surface modeling through regression and (iii) optimization.  The main objective of 

RSM is to determine the optimum operational conditions of the process or to determine a region 

that satisfies the operating specifications.  The application of statistical experimental design 

techniques in biosorption development can result in improved product yields, closer confirmation 

of the output response to nominal and target requirements and reduced development time and 

overall costs [15, 16].  Among the varieties of factorial designs available, Central Composite 

Design (CCD) is the more viable design.  It is obtained by adding two experimental points along 

each coordinate axis at opposite sides of the origin and at a distance equal to the semi-diagonal 

of the hyper cube of the factorial design.  The new extreme values (low and high) for each factor 

are added in this design [17].  For a full factorial 

 α = [2
k
]
1/4

                                                                                                                       (3) 

In this investigation four parameters:  initial pH of the aqueous solution, initial Pb(II) 

concentration in aqueous solution (Co), biosorbent dosage (w) and temperature of the aqueous 

solution are considered and thus k=4 and α= 2 from eq.3.  Furthermore, the total number of 

experiments points (N) in a CCD is calculated from the following equation: 

 N = 2k + 2k + Xo                                                                                                           (4) 

Xo is the number of central points.  Thus, total number of experimental runs, N=  30 (k=4; Xo = 

6) and α= 2 from eq.4. 

Therefore, CCD with four factors is applied using STATISTICA 6.0 with the bounds of initial 

pH = 1–9, w = 5–25 g/L, C0 = 6–14 mg/L and T = 283-323 K as shown in table-2.  Performance 

of the process is evaluated by analyzing the response of biosorbent for Pb (II) ions.  The response 

is % biosorption of lead (y).   Data from CCD are subjected to a second-order multiple regression 

analysis to explain the behavior of the system using the least squares regression methodology for 

obtaining the parameter estimators of the mathematical model [18]. 
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where y is the response, β0 is the constant, βi is the slope or linear effect of the input factor xi, βii 

is the quadratic effect of input factor xi, βij is the linear by linear interaction effect between the 

input factor xi and є is the residual term.  STATISTICA 6.0 (Stat-Ease Inc., Tulsa, OK, USA) is 

used for regression analysis of the data and to estimate the coefficient of regression equation. 

Analysis of variance (ANOVA) is utilized to test the significance of each term in the equation 

and the goodness of fit of the regression model.  This Response Surface Model is used to predict 

the result by contour plots in order to study the individual and cumulative effects of the variables 

and the mutual interactions between the variables on the dependent variable.  

 

RESULTS  AND  DISCUSSION 

Characterization of the biosorbent: 

The FTIR spectrum of untreated and lead treated P. pinnata leaf powder is shown in fig.1.  The 

FTIR spectra of untreated P. pinnata leaf powder shows the presence of many functional groups, 

indicating the complex nature of P. pinnata biomass.  The band at 893.04 cm
-1

 is due to the 
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presence of –C-C- group.  The band at 1064.71 cm
-1

 is due to the stretching vibrations of C-OH 

alcoholic groups and carboxylic acids and phenols.  The band at 1103.28 cm
-1

 indicates the 

presence of C=S and S=O groups.  The band width at the 1153.43 cm
-1 

is due the stretching of C-

O in ether groups. The band at of 1242.16 cm
-1

 can be attributed to the -SO3 stretching.  The 

band at 1315.45 cm
-1

 is due to the presence of -C-O-H bending coupled with -CH2 deformation 

amide III band.  The band at 1359.82 cm
-1

 is due to the symmetric stretching of –COO
-
 of pectin.  

The band at 1548.84 cm
-1 

can be attributed to the amide II band (-N-H deformation coupled to –

N=N- deformation).  The band at 1614.42 cm
-1

 due to the presence of asymmetric stretching 

vibrations of ionic carboxylic groups(-COO-).  The band at 1633.71 cm
-1

 is due to the presence 

of C=O stretch.  The band at 1643.35 cm
-1

 corresponds to superimposition of different amide I 

band(-C-O stretching coupled with –N-H deformation mode) from different materials (including 

proteins, amide bearing material such as chitin).  The band at 1728.22 cm
-1 

is due to the presence 

of stretching vibrations of C=O bond due to non ionic carboxylic groups (-COOH, -COOCH3) 

and may be assigned to carboxylic acids or their esters.  The band at 2918.3 cm
-1 

indicates the 

presence of symmetric and asymmetric C-H stretching vibrations of aliphatic acids.  The band at 

3305.99 cm
-1

 denotes the presence of bonded –OH group and –NH stretching.  The FTIR spectra 

of lead treated biomass showed increase in the absorption of peaks. 

 

BATCH BIOSORPTION EXPERIMENTS 

Determination of equilibrium time: 

 Fig.2 is plotted with % biosorption of lead as a function of agitation time for various ‘dp’ values 

in the interaction time intervals of 1 min to 180 min.  The biosorption is steadily increased with 

increase in agitation time up to 60 min and there is no change in % biosorption beyond 60 min 

indicating the attainment of equilibrium agitation time.  This is in accordance with the 

observations reported in earlier studies [19,20]. 

 Effect of solution initial pH: 

The pH is one of the most important environmental factor influencing not only site dissociation 

but also the solution chemistry of the heavy metals. On one hand, hydrolysis, complexation by 

organic and/or inorganic ligands, redox reactions and precipitation are strongly influenced by 

pH.  On the other hand, pH strongly influences the speciation and adsorption availability of 

heavy metals [21].  In order to study the effect of this parameter on metal sorption by P. pinnata 

leaf powder, the initial solution pH is varied in the range 2–8.  This pH range is chosen in order 

to avoid metal solid hydroxide precipitation.  The effect of initial solution pH on the sorption 

kinetics for Pb(II) on P. pinnata leaf powder is shown in fig.3.  The % biosorption of lead 

increases with increasing pH from 2 to 6, reaches a maximum, and decreases beyond pH value of 

6.  At low pH values, there is an excessive protonation of the carbon surface resulting in a 

decrease in the sorption of Pb(II) ions.  This is consistent with the results obtained by [22].  

Acidic sites are protonated in acidic conditions explaining the low sorption of lead by P. pinnata 

leaf powder at low pH.  The increase in metal biosorption as pH increases can be explained on 

the basis of decrease in competition between protons (H
+
) and positively charged metal ions at 

the surface sites.  The minimal sorption amount obtained at higher pH (pH >6) may be due to the 

metal hydrolysis and precipitation.    

Effect of initial Pb(II) concentration: 

Fig.4 shows the effect of initial lead ion concentration on biosorption of lead by P. pinnata leaf 

powder.  The data shows that the metal uptake increases and the percentage biosorption of lead 

decreases with increase in lead ion concentration.  This increase (0.31–9.11mg/g) is a result of 
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increase in the driving forces, i.e. concentration gradient.  However, the percentage sorption of 

lead ions on P. pinnata leaf powder is decreased from 91.34 to 61.87%.  Though an increase in 

metal uptake is observed, the decrease in percentage biosorption may be attributed to lack of 

sufficient surface area to accommodate much more metal available in the solution.  At lower 

concentrations, all lead ions present in solution could interact with the binding sites and thus the 

percentage biosorption is higher than those at higher lead ion concentrations.  At higher 

concentrations, lower biosorption yield is due to the saturation of biosorption sites.  

Effect of biosorbent dosage and size: 

Fig.5 depicts the effect of biosorbent dosage on % biosorption at equilibrium conditions for 

various particle sizes.  The amount of lead biosorbed increases with an increase in biosorbent 

dosage from 10 to 30 g/L.  The percentage of lead biosorption is increased from 84.9 to 88.1% 

for an increase in biomass dosage from 10 to 20 g/L at an initial concentration of 20 mg/L for 45 

µm size.  The increase in the adsorption of the amount of solute is obvious due to increasing 

biomass surface area.  Similar trend was reported for lead removal using Azadirachta indica as 

adsorbent [23].  A further increase in biomass dosage over 20 g/L does not lead to any 

considerable improvement in biosorption yield due to the saturation of the biosorbent surface 

with Pb(II) ions.  Therefore, the optimal biomass dosage is 20 g/L.  The percentage biosorption 

is increased from 84.9% to 88.1% as the biosorbent size decreases from 150 to 45 μm for w = 20 

g/L.  With decrease in biosorbent size, surface area of the biosorbent increases, there by the 

numbers of active sites available on the biosorbent are better exposed to the biosorbate.  

Development of regression model equation: 

The experiments are conducted with pH values ranging from 4–8, different biosorption dosages 

of 5–25 g/L, different initial lead concentrations of 6–14 mg/L and different temperatures of 283-

323 K.  These are coupled to each other and varied simultaneously to cover their interaction.  

The levels and ranges of the chosen independent parameters are given in table-2. Experiments 

are performed according to the above experimental plan at equilibrium agitation time of 60 min 

for 45 μm size biosorbent at a rotational speed of 160 rpm.  

CCD is used to develop correlation between the biosorption of Pb (II) from aqueous solution and 

the variables investigated.  25–30 runs at the center point are used to determine the experimental 

error.  According to the sequential model sum of squares, the models are selected based on the 

highest order polynomials where the additional terms are significant and the models are not 

aliased.  The quadratic model is selected as suggested by the software.  Experiments are planned 

to obtain a quadratic model consisting of 24 trials plus a star configuration (α = ±2) and the 

replicates at the center point.  The design of this experiment is given in table-3, together with the 

experimental and predicted results.  The maximum biosorption is >96 %.  Regression analysis is 

performed to fit the response function of lead biosorption.  The coded values of parameters in 

eq.5 represent % lead biosorption (Y) as a function of pH (X1), biosorbent dosage (X2), initial 

lead concentration (X3) and temperature of the aqueous solution (X4).  The final empirical model 

in terms of coded factors for biosorption of lead (Y) is given below. 

Y = –1009.44 +37.45 X1 + 7.68 X2 + 11.10 X3 + 5.76 X4 – 5.18 X1
2
 – 0.11 X2

2
 – 0.11 X3

2
       

– 0.01 X4
2
 – 0.24 X1X2 – 0.25 X1X3 + 0.10 X1X4 – 0.07 X2X3 – 0.01 X3X4                     (6) 

Apart from the linear effects of variables on % biosorption, an analysis using RSM also gives an 

insight into the quadratic and interaction effects of the parameters.  The result in the form of 

analysis of variance for eq.6 is given in table-4.  In general, the Fischer’s ‘F-statistics’ value with 

a low probability ‘P’ value indicates high significance of the regression model.  The significance 

of the regression coefficient of the parameter can be verified by the Student’s t-test as a tool, 
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while ‘P’ values signify the pattern of interaction among the factors. The larger the value of t and 

smaller the value of P, the more significant is the corresponding coefficient term [24].  By 

analyzing the ‘F-statistics’ and ‘t’ values in table-5, it is found that the X1, X2, X3, X4, X1X2, 

X1X3, X1X4, X2X3, X3X4,  X1
2
, X2

2
 , X3

2
 , X4

2
 has high significance and X2X4 term is  insignificant 

to explain the interaction. 

Statistical analysis: 
The ANOVA of the regression model demonstrates that the model is highly significant, as is 

evident from the Fisher’s F-test (Fmodel = 56.72314) and a very low probability value (Pmodel > 

F=0.000000).  Moreover, the computed F-value (F0.05 (14.15) = MSmodel/MSerror = 56.72314) is 

greater than the tabular F-value (F0.05 (14.15) tabulars= 3.56) at the 5% level, indicating that the 

treatment differences are significant.  The coefficient of variance (CV) is the ratio of the standard 

error of estimate (= 0.816) to the mean value of observed response (= 14.37) and considered 

reproducible once it is not greater than 10% [25].  In this investigation, the CV value of  5.67% 

indicates good precision and reliability of the experiments [26,27].  Eq.6 has been used to 

visualize the effects of experimental factors on conversion percentage response in figs. 6–11.  

The actual and the predicted percentage biosorption of lead are shown in fig.6.  Actual values are 

the measured response data for a particular run and the predicted values are evaluated from the 

model and are generated by using eq.6.  The predicted value obtained is quite close to the 

experimental value indicating that the model developed is reasonable.  The values of R
2
 and R

2
adj 

are found to be 0.98146 and 0.96415 respectively.  Residual graphs are shown in fig.7.  

Interaction effects of biosorption variables: 

The % biosorption of lead over different combinations of independent variables is visualized 

through three-dimensional view of response surface plots (Figs.8-12).  All the response surface 

plots reveal that at low and high levels of the variables, the % biosorption by biosorbent is 

maximal, however, there exists a region where neither an increasing nor a decreasing trend in the 

% biosorption is observed.  This phenomenon conforms that there is an existence of optimum for 

the biosorption variables in order to maximize % biosorption.  The pH plays an important role in 

% biosorption as is evident from the plot (Figs.8-10).  A relatively strong interaction existed 

between pH with C0, w and T as reflected by the corresponding P values of 0.003062, 0.000801 

and  0.002846 respectively as deduced from the curvature of the contour.  The ‘w’ of the 

biosorption has appreciable amount of interaction effect with C0 (P = 0.000163) from fig.11.  

The interaction effect between C0 and T is less compared with the above interaction effects and 

is evident from the higher probability value (P = 0.013076) from fig.12.  

 Optimization by response surface modeling: 

The optimum biosorption conditions determined for the biosorbent P. pinnata leaf powder in 

batch operation are temperature of 299.8721 K, initial lead concentration of 10.4046 mg/L, pH of 

5.8192 and biosorbent dosage of 19.8699 g/L.  The model validation has been determined as 

optimum levels of the process parameters, predicted by the model (Table-6) to achieve the 

maximum lead biosorption of 96.6%. 

 Biosorption isotherms: 

Four important isotherms namely Langmuir, Freundlich, Redlich-Peterson and Temkin models 

are selected to fit the present experimental data.  Langmuir model assumes that biosorptions 

occur at specific homogeneous sites on the adsorbent and is used successfully in monolayer 

biosorption processes [28].  This model is  

qe/qm = b Ce / (1+bCe)                                                                                                    (7) 
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where qm represents the maximum biosorption capacity and b is a Langmuir equilibrium constant 

related to affinity and energy of binding sites. 

The Freundlich model can be applied for nonideal sorption on heterogeneous surfaces and 

multilayer sorption.  The Freundlich model [29] is 

qe = KfCe
n
                                            (8) 

where Kf and n are the Freundlich coefficient and Freundlich constant respectively. Kf  provides 

an indication of the adsorption capacity and n is related to the intensity of adsorption. 

The Redlich-Peterson model [30] proposes a three parameter isotherm to incorporate features of 

both Langmuir and Freundlich equations.  It is expressed as 

geq
e

e

BC1

AC
   


                             (9) 

where A, and B are the Redlich-Peterson isotherm constants and g is the Redlich – Peterson 

isotherm exponent (lies between 0 and 1).  

The Temkin [31] isotherm is applied in the following format: 

qe = RT ln(ATCe)/bT                                      (10) 

where AT and bT are Temkin isotherm constants. 

The equilibrium data are fitted to eqs.7-10 by non-linear regression method using POLYMATH 

5.1 software package.  Fig.13 indicates the non-linear relationship between the amount of Pb(II) 

sorbed per unit mass of P. pinnata biomass against the concentration of Pb(II) ions remaining in 

solution, which shows the comparison between experimental and predicted equilibrium uptake 

data obtained for the above isotherm models. 

The experimental data are obtained by varying the initial lead concentration in aqueous solution 

from 3.4 to 147.2 mg/L.  The data are shown in fig.13 with qe as a fuction of Ce.  The constants 

obtained along with regression coefficients (R
2
) and root mean square deviations (RSMD) for 

Langmuir, Freundlich, Redlich-Peterson and Temkin models are listed in table-7.  The 

biosorption data are well represented by Redlich-Peterson with higher correlation coefficient of 

0.999 followed by Langmuir, Freundlich and Temkin models with correlation coefficients of 

0.993, 0.990 and 0.930 respectively.  However, RMSD values are lower in case of Redlich – 

Peterson model compared to Langmuir, Freundlich and Temkin models.   

 

Biosorption kinetics: 

To discuss the mechanism of the adsorption at different initial concentrations, the characteristic 

constants of adsorption rate are determined by using Lagergren pseudo first-order equation based 

on solid capacity and pseudo second-order equation based on solid phase adsorption [32].  The 

first-order kinetic equation and second-order kinetic equation are respectively expressed as                                                            

log (qe – qt) = log qe – (k1/2.303) t                         (11) 

(t/qt) = (1/ k2qe 
2
) + (1/qe) t                         (12) 

where k1, min
-1

 and k2, g/mg-min are the rate constants for first-order and second-order 

adsorptions respectively.  The validity of the kinetic models is checked and shown in table-8.  

The high R
2
 indicates that the experimental data are well correlated to the second-order kinetic 

equation. So, the rate-limiting step may be chemical adsorption and the adsorption behavior may 

involve valence forces through sharing of electrons between metal cations and biosorbent.  The 

graph drawn for second order kinetics is shown as fig.14 with t/q t as a function of time, t. 
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Thermodynamic parameters 
The solution temperature is varied in the range of 283 –323 K and biosorption data are obtained, 

keeping all other parameters constant.  It is found that % biosorption is increased with increasing 

temperature.  The biosorption equilibrium constant, KD, can be described thermodynamically as 

log KD =  - ∆H/(2.303 RT)    +    (∆S/2.303 R)                                                               (13)                       

and    

∆G = ∆H – T ∆S                                  14) 

where  R is gas constant (8.314 J/mol K) and KD  is the equilibrium constant equal to qe/Ce [33]. 

Van’t Hoff plot with ln KD as a function of 1/T yields a straight line and ∆H and ∆S can be 

calculated from the slope and intercept, respectively.  The Van’t Hoff plot is drawn in fig.15 for 

the present data.  The values of ∆H, ∆S and ∆G for 18.5 mg/L initial concentration of lead at 

different temperatures are shown in table-9.  The negative value of ∆G indicates that lead 

biosorption is spontaneous.  The biosorbent used in this study has higher affinity at higher 

temperatures.  The change in enthalpy (∆H) is 22.17 J/ mol.  The positive value of ∆H indicates 

that biosorption of lead (II) onto P. pinnata leaf powder is endothermic.  The positive value of 

∆S (66.79 J/mol K) suggests randomness at the solid/solution interface [34].  

 

CONCLUSIONS 

i.  The biosorption of lead onto P. pinnata  is spontaneous. 

ii.  The maximum biosorption of lead (96.6%) onto P. pinnata   leaf powder is predicted by 

CCD.  The optimum process parameters are pH = 5.8192, w = 19.8699 g/L, Co = 10.4046 

mg/L and T = 299.8721 K.  The experimental optimum values are pH = 5 and w= 10 g/L.      

iv. The biosorption of lead is better described by Redlich-Peterson model.  

v. The lead biosorption is better described by pseudo second order kinetics (k2=0.397 g/mg-min). 

vi. The biosorption is found to be endothermic and feasible. 

NOMENCLATURE 

AT Temkin isotherm constant, L/mg 

bT Temkin isotherm constant 

Co Initial concentration of Pb (II) in aqueous solution, mg/L 

Ct Concentration of Pb (II) in aqueous solution after ‘t’ min, mg/L 

Ce Equilibrium biosorption concentration of Pb (II), mg/L 

t Agitation time, min 

teq Equilibrium agitation time, min 

T Absolute temperature, K 

w Biosorbent dosage, g 

dp Biosorbent size, µm 

V Volume of aqueous solution, mL 

KD Biosorption equilibrium constant, qe/Ce 

m Amount of biosorbent taken per 1L of aqueous solution, g/L 

qe Mass of solute biosorbed per mass of biosorbent at equilibrium, (Co-Ce)/m, mg/g 

qt Mass of solute biosorbed per mass of biosorbent at ‘t’ min, (Co-Ct)/m, mg/g 

qm Langmuir monolayer capacity, mg/g 

b Langmuir equilibrium constant 

n Freundlich constant for Pb (II) in aqueous solution, g/L 

Kf Freundlich coefficient for Pb (II) in aqueous solution, mg/g 
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A Redlich-Peterson isotherm constant, L/g 

B Redlich-Peterson isotherm constant, L/mg 

g Redlich-Peterson isotherm exponent 

k1 Lagergren first order rate constant, 1/min 

k2 Pseudo – Second order rate constant, g/mg-min 

ΔG Change in Gibbs free energy, KJ/mol 

ΔS Change in entropy, J/mol-K 

ΔH Change in enthalpy, J/mol 

R Gas constant, 8.314 J/mol K 

R
2
 Correlation coefficient 

MS         Mean square 
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Table-1 
Experimental parameters investigated 

 

Parameter Values Investigated 

Agitation time, t, min 1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 150 & 180 

Biosorbent size, dp, μm 45, 75 & 150 

Biosorbent dosage, w, g/L 10, 15, 20, 25 & 30 

Initial lead concentration, C0, mg/L in aqueous 

solution. 

3.4, 8.8, 18.3, 27.1, 38.7, 47.8, 72.4, 96.3, 

123.2 & 145.9 

pH of aqueous solution 1, 2, 3, 4, 5, 6, 7, 8, 9 & 10 

Temperature, K 283, 293, 303, 313 & 323    

 

Table-2 

Levels of different process variables in coded and un-coded 

form for % biosorption of lead 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Name Range and levels 

-2 -1 0 1 2 

X1 pH of the aqueous solution  1 3 5 7 9 

X2 Initial concentration of lead, Co, mg/L 5 10 15 20 25 

X3 Biosorbent dosage, w, g/L 6 8 10 12 14 

X4 Temperature of aqueous solution,  T, K 283 293 303 313 323 
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Table-3 

 

Results from CCD for lead biosorption by Pongamia pinnata 

 

Run 

no. 

X1-pH X2-Co X3-w X4-T % biosorption of lead 

Experimental Predicted 

1 -1 -1 -1 -1 82.45 82.66 

2 -1 -1 -1 1 83.58 82.34 

3 -1 -1 1 -1 91.52 90.62 

4 -1 -1 1 1 86.47 87.13 

5 -1 1 -1 -1 89.43 88.41 

6 -1 1 -1 1 86.68 87.19 

7 -1 1 1 -1 90.63 90.76 

8 -1 1 1 1 86.28 86.37 

9 1 -1 -1 -1 82.47 82.52 

10 1 -1 -1 1 85.59 86.20 

11 1 -1 1 -1 86.28 86.51 

12 1 -1 1 1 85.87 87.02 

13 1 1 -1 -1 83.48 83.56 

14 1 1 -1 1 85.31 86.34 

15 1 1 1 -1 80.56 81.94 

16 1 1 1 1 81.03 81.55 

17 -2 0 0 0 76.89 78.11 

18 2 0 0 0 75.23 73.14 

19 0 -2 0 0 85.48 85.54 

20 0 2 0 0 86.75 85.82 

21 0 0 -2 0 87.27 87.59 

22 0 0 2 0 91.95 90.76 

23 0 0 0 -2 92.29 92.65 

24 0 0 0 2 93.17 91.94 

25  0 0 0 0 96.36 96.33 

26  0 0 0 0 96.35 96.33 

27  0 0 0 0 96.35 96.33 

28  0 0 0 0 96.32 96.33 

29  0 0 0 0 96.23 96.33 

30  0 0 0 0 96.35 96.33 

               Experimental conditions [Coded Values] and observed response values of central 

composite design  with 2
4 

factorial runs, 6- central points and 8- axial points. Agitation time 

fixed at 60 min  and biosorbent size at 45 μm 
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Table - 4 

Analysis of variance (ANOVA) of Pb(II) biosorption for entire quadratic model. 

 

Source of variation SS Df Mean square(MS) F-value P > F 

Model 1005.951 14 71.85363 56.72314 0.000000 

Error 19.001 15 1.26674   

Total 1024.952 29    

        df, degree of freedom; SS, sum of squares; F, factor F; P, probability.  

        R
2
=0.98146;  R

2
 (adj):0.96415:   

 

Table- 5 

Estimated regression coefficients for the Pb(II) biosorption onto Pongamia pinnata 

Terms Regression coefficient Standard error of the coefficient t-value P-value 

constant -1009.44 209.4409 -4.8197 0.000225 

X1 37.45 9.0032 4.1592 0.000839 

X2 -5.18 0.2149 -24.0821 0.000000 

X3 7.68 1.7770 4.3196 0.000607 

X4 -0.11 0.0086 -12.3849 0.000000 

X1*X1 11.10 2.2050 5.0335 0.000148 

X2*X2 -0.11 0.0134 -8.3192 0.000001 

X3*X3 5.76 1.3197 4.3618 0.000558 

X4*X4 -0.01 0.0021 -4.6896 0.000291 

X1*X2 -0.24 0.0563 -4.1826 0.000801 

X1*X3 -0.25 0.0703 -3.5251 0.003062 

X1*X4 0.10 0.0281 3.5607 0.002846 

X2*X3 -0.07 0.0141 -4.9867 0.000163 

X2*X4 -0.00 0.0056 -0.7974 0.437646
a
 

X3*X4 -0.02 0.0070 -2.8143 0.013076 
                             a

insignificant (P ≥ 0.05) 

Table-6 

Model validation 

pH, X1 Initial lead 

concentration, X2 (mg/L) 

Biosorbent dose, 

X3 (g/L) 

Temperature, X4  

(K) 

% removal of 

lead 

Predicted 

5.8 19.9 10.4 299.9 96.6 
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Table-7 

Isotherm parameters obtained using the non-linear method 

Langmuir, Freundlich, Redlich–Peterson and Temkin  model parameters 

Langmuir model parameters 

qm (mg/g) b (L/mg) R
2
 RSMD 

11.16 0.07 0.993 0.079 

Freundlich model parameters 

Kf  (mg/g) N R
2
 RSMD 

1.374 0.48 0.990 0.089 

Redlich – Peterson model parameters 

A (L/g) B(L/mg) R
2
 RSMD 

1.416 0.416 0.999 0.024 

Temkin model parameters 

AT bT R
2
 RSMD 

1.97 1467.7 0.93 0.25 

 

Table-8 

Kinetic parameters for the biosorption of lead onto P.pinnata 

 

The pseudo first order model parameters 

k1 (min
-1

) R
2
 

0.074 0.86 

The pseudo second order model parameters 

k2 (g/(mg-min)) R
2
 

0.397 0.99 

 

Table-9 

Thermodynamic parameters for the biosorption of lead onto P.pinnata 

 

T (K) ∆G, kJ/mol ∆S  J/(mol-K) ∆H  J/mol R
2
 

238 18.9 66.79 22.17 0.995 

293 19.5 

303 20.2 

313 20.9 

323 21.5 
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Fig. 1     FTIR spectra of Pongamia pinnata  leaf powder treated and untreated 

 
Fig. 2      Effect of agitation time on % removal of lead
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Fig. 3     % removal of lead as a function of pH of aqueous solution 
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Fig. 4     Effect of metal concentration on biosorption of lead 
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Fig. 5      Variation of % removal of lead with biosorbent dosage
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Fig.6     Comparison plot between the experimental data and 

      model Predicted data for Pb (II) removal 

 

 

 

               (a)     

                                                                                                                                        (b)                        

Fig. 7    Residual graphs: (a) normal probability plot for residuals 

                                            (b) histogram of residuals 
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Fig. 8   3D response surface: Interactive effects of pH and w (g/L) 

                                      at C0 = 9 mg/L and T = 303 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9   3D response surface: Interactive effects of pH and Co (mg/L) 

                                at w = 20 g/L and T = 303 K 
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Fig. 10   3D response surface: Interactive effects of pH and T (K) 

                                         at w = 20 g/L and C0 = 9 mg/L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11   3D response surface: Interactive effects of w (g/L) and Co (mg/L) 

                     at pH = 6 and T = 303 K 
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Fig. 12   3D response surface: Interactive effects of Co (mg/L) and T (K) 

                       at w = 20 g/L and pH = 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13   Non-linear graph for isotherms
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Fig. 15     Van't Hoff plot for biosorption of lead
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Fig. 14     Second order kinetics for biosorption of lead
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