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ABSTRACT 
 

This study aims to develop carbon-based adsorbents containing multiple functional groups for effective 
removal of lead ions from aqueous media. Activated carbon (AC) was oxidized by nitric acid to obtain MAC-
HNO3 that was followed by modification with EDTA to give MAC-EDTA. The AC, MAC-HNO3 and MAC-
EDTA were characterized by SEM,TEM,FT-IR, Boehmtitration,point of zero charge and nitrogen adsorption–
desorption analysis. The adsorption experiments of Pb(II) onto sorbents were studied using the  batch technique 
and factors affecting the adsorption capacities of Pb(II) were investigated and discussed. The isotherm data 
were analyzed using the Langmuir and Freundlich equations. The equilibrium data fitted well the Langmuir 
isotherm for MAC-HNO3 and MAC-EDTA while AC followed Freundlich isotherm. The kinetic results were 
analyzed using pseudo-first order, pseudo-second order, intraparticle diffusion and the Boyd equations. The rate 
constants, equilibrium capacities and related correlation coefficients(R2) for each kinetic model were calculated 
and discussed.Highest values of R2 were obtained on applying  the pseudo second-order with modified carbons 
and the pseudo first-order with AC.Althoughintraparticle diffusion plays impotant role in rate-controlling step 
in the adsorption process of Pb(II) onto the investigated sorbents, a film diffusion is also controlling this 
process.The thermodynamic parameters including ΔG°, ΔH° and ΔS° for the adsorption processes of Pb(II) on 
the carbons were calculated, and the negative value of ΔG° indicated the spontaneous nature of adsorption. The 
desorption studies revealed that the regeneration of modified carbons can be easily achieved. 
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Introduction 

 
The remarkable raise in the use of heavy metals in the recent years has lead to an increased discharge of 

metallic substances in the aquatic environment. The metals are of great concern as they do not degrade into 
harmless end products(Gupta, Gupta et al. 2001).Industrial waste constitutes the major source of various kinds 
of metal pollution in natural water (Harrison 1980). The most common toxic metals found in industrial 
wastewater are Cr, Ni, Mn, Hg, Cd, Cu, Zn, and Pb, the main sources of  these toxic heavy metals  discharge 
into the water bodies through waste water are mining, pigments, oil refineries, and industries of Cd- Ni 
batteries, phosphate fertilizer, and stabilizers alloys metal plating industries (Low and Lee 1991, Kadirvelu, 
Thamaraiselvi et al. 2001).Pb+2,Cd +2, and Ni+2  ions are important heavy metals in the soil water system as 
micronutrients in plants as well as animals including human.According to The current Priority List of 
Hazardous Substances made by The Agency for Toxic Substances and Disease RegistryPb(II) is listed as the 
second toxic substance (ATSDR 2011). Acute Pb(II) poisoning in humans causes severe damage to the kidneys, 
liver, brain, and nervous system while a long term exposure may induce sterility, abortion, and neonatal death 
(Gerçel and Gerçel 2007). All previous effects can be prevented if Pb(II) kept at  the allowable limits in the 
drinking water.The permissible limit for Pb(II) in drinking water , given by Environmental Protection Agency 
(EPA), is 0.015 mg/l, the current guideline values of drinking water described by the World Health 
Organization (WHO) is 0.01 mg/l of Pb(II) (USEPA 2002, 2009, WHO 2011). A various technologies have 
been developed over the years to remove toxic metals from water. The most important technologies include 
chemical precipitations, electro flotation, ion exchange, reverse osmosis, and biological processes and 
adsorption on activated carbon (Marshall, I. et al. 1980, Poon 1986).Adsorption by activated carbon is one if not 
the most efficient technique used for the removal of heavy metal ions from water. Although the removal 
efficiency of a carbon is mainly decided by the pore structure and total surface area of the carbon, the chemistry 
of the surface (the nature and density of surface functional groups) is of vital role in the adsorption of ionic or 
polar species[(Edwin Vasu 2008). The present work aims to modifying the surface of an activated carbon with 
concentrated nitric acid as oxidizing agent and EDTA as a chelating agent for the enhancement of heavy metals 
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adsorption from water. The effect of parameters such as pH, adsorbent dose and initial concentration, adsorption 
isotherms adsorption, kinetics and thermodynamic parameters of Pb(II) adsorption have been studied in the 
present investigation. The experimental equilibrium adsorption data are analyzed by both Freundlich and 
Langmuir isotherm models. 

 
Materials and Methods 
 
2.1 Modification of activated carbon: 

 
All activated carbon (Ubichem Ltd., U.K) used in the study was in the granular form. The activated carbon 

was ground and sieved to retain the 0.8-1.25 mm fractions. It was washed several times with hot distilled water 
to remove fine powder and contaminants, and then left to dry in an oven at 110 oC overnight use. In this work, it 
is described as GAC(granular activated carbon). A  50 g of carbon was refluxed in 500 ml 65 nitric acid for 4 
h. Subsequently, the carbon was filtered off and washed with water until the pH of the filtrate reached a value of 
5.5. The carbon was dried overnight under ambient conditions and then for 24 h at 110 oC. This modified 
activated carbon was designated MAC-HNO3. A 20 g of MAC-HNO3 was refluxed with 500 ml 0.15 M  
Na2EDTA (Sigma-Aldrich) for  4 hr  at 80oC.Then  the filtrated carbon was with washed hot distilled water for 
10  times  to remove any excess EDTA andfinally the carbon was dried  at 110 oC for  24 hr and the product  
was denoted as  MAC- EDTA. 

 
2.2 Reagent and Solutions: 

 
Theanalyticalgrade reagents were purchased from Sigma-Aldrich. A stock solution of 1000 ppm Pb(NO3)2   

was prepared  by dissolving  1.5984 g in acidified doubled distilled water  and diluted to 1000 ml by doubled 
distilled water. Acetate buffer (pH=4.5) was made using acetic acid and NaOHsolution, was used in this study. 
Borate buffer (pH =10) were prepared  by dissolving 25 g sodium tetraborate, 3.5 g ammonium chloride, and 
5.7 g sodium hydroxide in 1 L of de-ionized water. CH3COOH, HNO3, HCl and NaOH were purchased from 
Merck and used without further purification. 

 
2.3 Apparatus: 

 
The pH measurements were made using a pH meter (Hi 931401, HANNA,Portigal). The concentrations of 

the metals were analyzed using UV-Vis spectrophotometer (ChromTech-Co., Ltd., USA). The adsorbents were 
weighed using analytical balance. Water bath shaker was used for adsorption experiments. 

 
2.4 Adsorbent characterization: 

 
Organic functional groups present on the carbons surface were qualitatively measured using a Fourier 

transform infrared spectroscopy (FT-IR). Sample discs were prepared by mixing 1 mg of the samples with 200 
mg of KBr (Merck) in an agate mortar and scanned in a range from 4000 to 400 cm-1 using a Jasco instrument 
(Model 6100, Japan) . 

The BET surface area(SBET) measurements of the carbons were made by nitrogen adsorption at  77 K  using 
Surface Area & Pore Size Analyzer ( QUANTACHROME - NOVA 2000 Series) (Brunauer, Emmett et al. 
1938). Analysis of the isotherms was carried out by applying the αs method to obtain various parameters: S α , 

(total and non-microporous surface areas) and the micropore volume ( ) using the standard data reported  
by Sellez-Perez and Martin-Martinez (Selles-Perez and Martin-Martinez 1991). The total pore volume (VT) was 
estimated from the volume of  N2  held at a relative pressure of 0.95, and the  non-micropore volume ( ) from 
the volume  of adsorbed between  (P/PO) 0.1 and 0.95. The average pore radius was calculated from nm).  = 
2VT(ml/g)/SBET(m2/g) x1000. 

The surface micrographs of the carbons  were taken by using a scanning electron microscope JSE - T20 
(JEOL, Japan). The instrument was operated at 40 kW. Prior to the analysis, the samples were dried at 110 °C 
for 4 h. A thin layer of gold was coated on the samples for charges dissipation. The transmission electron 
microscopy (TEM) images were obtained using a High Resolution Transmission Electron Microscopy (JOEL 
JEM2010 HRTEM) at 200 kV. 

The Boehm titration method was applied to determine the surface functional groups containing 
oxygen(Boehm 1966, 1994, Goertzen, Thériault et al. 2010). The main principle of this method is that oxygen 
groups on carbon surfaces have different acidities and can be neutralized by bases of different strength. Prior 
tothe analysis, carbon was dried in oven at 110 °C for 3 h. Then, 0.1 g samples were added to PVC bottles 
containing 25 ml of the following 0.1 N solutions: NaOH, Na2CO3, NaHCO3, and HCl. The bottles were sealed 
and shaken for 48 h to reach equilibrium. Then 5 ml of each filtrate was titrated with HCl and NaOH depending 
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on the original titrant. The number of acidic sites of various types was calculated using the assumption that 
NaOH neutralizes carboxylic, phenolic, and lactonic; Na2CO3 neutralizes carboxylic and lactonic groups; and 
NaHCO3 neutralizes only carboxylic groups. The number of basic sites was calculated from the amount of HCl 
that reacted with the carbon. 

Surface pH relates with the overall acidity of the adsorbents by immersing 0.4 g of the carbons  into 20 ml 
of CO2 free  water and equilibrated for 48 h. To determine the point of zero charge (pHPZCpHPZC)  50 ml of 
(0.01 M)  NaCl was placed in several closed Erlenmeyer flasks. The pH within each flask was adjusted to a 
value between 2- 12 by adding either HCl (0.1 M) or NaOH (0.1M). Then 0.15 g was added to each flask, the 
flasks were agitated for 48 H and the final pH was then measured.  The pHPZC is defined by the point where the 
curve pH final vs  pH initial crosses the line pH final= pH initial (Rivera-Utrilla, Bautista-Toledo et al. 2001). 

The moisture content analysis  for AC was determined by heating 1 g of it at 110 0C in  crucible for 24 h 
and  the l weight loss was recorded and the moisture % was calculated as follow: 
 
Moisture % =            

 
The ash content analysis for the carbons  were  determined by heating 0.5 g of samples  in crucibles at 700 

C0 for 12 h .Then the final  weight was recorded and the ash % were calculated as follow: 
 
Ash % =                                      
 
2.5 Adsorption experiments: 

 
Adsorption experiments were conducted by varying pH, adsorbates concentration, contact time, 

temperature, adsorbents dose. Also desorption study was carried out. Experimental  Pb(II) solutions of desired 
concentrations  were prepared from the stock solution with the appropriate dilutions and the initial pH was 
adjusted with HNO3 and NaOH for studying the effect of pH otherwise, the pH of  remaining experiments was 
fitted using  0.01 M acetate buffer (pH 4.5). The room temperature during carrying out the experiments was 25 
oC .The effect  of pH on Pb(II)  removal was also studied by adding 0.1g of the carbons to 25 ml of 200 ppm Pb 
solutions with an initial pH rang (1.5–7). The suspensions were shaken at 150 rpm for 24 h  at room temperature 
and sampled for metal  analysis. 

The isotherm study was performed using various concentrations of metals solutions (25 - 1000 ppm). A 
mixture of 0.1 g of the carbons with 25 mL adsorbates  solutions of various initial concentrations was shaken at 
150 rpm for 24 hr at roomtemperature. 

In the kinetics study, 0.5 g of the carbons was added to 1000-mL glass flasks containing 500 mL of 120 
ppm Pb(II) solutions. The suspensions were shaken at 150 rpm at  room temperature and samples were taken 
from the solution by fast filtration at different time intervals The samples were withdrawn using fritted glass 
tube to prevent any contact of the drain solution with the adsorbent particles outside the adsorption flask at 
different time intervals(10 min-24 h). 

The influence of the temperature on uptake of Pb(II)  by the carbons was studied by equilibrating 0.1 g of 
samples with 25 ml aqueous solution containing different concentration of lead (II) (25-1000 ppm) for  10 h at 
different temperatures ranging from 293 K to 328 K. 

The effect of adsorbent dose on Pb(II) removal was studied by shaking  25 ml of  (400 ppm Pb)  solutions  
containing different doses of adsorbents  (0.05 g–0.3 g) for a period of 10  h at room temperature . 

 
For all experiments :Pb(II) concentrations were detected spectrophotometrically at a wavelength of 520 nm 

using PAR reagent (2,4-pyridyl azoresorcinol) as a complexing agent. 
The adsorption capacities of adsorbents were calculated using the following expression: 
 

                                          (1) 
 
Where, qt is the adsorption capacity of the adsorbent at time t (mg adsorbate/g adsorbent); Co is the initial 

concentration of metal (mg/L); Ct is the residual concentration of metal after adsorption had taken place over a 
period of time t (mg/L); V is volume of metal solution in shake flask (L) and m is mass of adsorbent (g). The 
removal percentage of metals ions from aqueous solution is computed as follows: 
 

                        (2) 
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2.6 Desorption study: 
 
In order to investigate the desorption capacity of  Pb2+ from adsorbents, 0.1 g of the carbons were 

introduced to 50 ml solution whose initial concentration is 100 ppm Pb2+ at pH=4.5) .As the adsorption reaches 
equilibrium, the metal ion concentration of the solution was measured, and then the solution was filtrated using 
a membrane to recover the carbon sample. These samples were dried at 80 oC and dispersed into 50 ml distilled 
water. The pH values of the solution were adjustedfrom 1.6 to 5.5  usingHCl solution. After the solutions reach 
equilibrium, the metal ion concentrations were remeasured and, the desorption results were then obtained. 
These adsorption desorption processes were repeated for three times, to further ascertain the desorption 
capability of adsorbents. .The desorption %  of metal ions from adsorbents  was calculated as follow : 

 
Desorption % =                   (3)  

 
Results and Discussion 
 
3.1. Characterization of the adsorbents: 
 
3.1.1FT IR: 

 
Fig. 1 shows similar FTIR spectra of AC ,MAC-HNO3 and MAC-EDTA samples.All the carbon samples 

show wide band at about (3250-3425 cm-1) due to O-H stretching mode of hexagonal group and adsorbed water. 
The shoulders observed at (2850-2950cm-1) due to aliphatic (C-H) and appear for all carbon samples (Kennedy, 
Vijaya et al. 2005). The peaks  near 1700 cm-1 are  assigned to(C=O) stretching vibrations of ketones, aldhyeds, 
lactones or carboxyl groups [20](Kennedy, Vijaya et al. 2004).At 1645 cm−1, the IR spectra of samples show a 
defined peak which can be attributed to the stretching vibration of C=O moieties in quinine and/or ion radical 
structure.Assignment of the bands in the region of 1000–1200 cm-1 is difficult because there is superposition of 
a number of broad overlapping bands. They cannot, therefore, be described in terms of simple motion of 
specific functional groups or chemical bonds (Painter, Starsinic et al. 1985). Some authors assign this 
overlapping band to ether (symmetrical stretching vibrations), epi-oxide and phenolic structures existing in 
different structural environments (Painter, Starsinic et al. 1985, Fanning and Vannice 1993, Gómez-Serrano, 
Acedo-Ramos et al. 1994). 
 
3.1.2 The nitrogen adsorption-desorption analysis:  

 
Fig. 2 illustrates the nitrogen adsorption-desorption isotherms at 77 K on the carbons samples. The three 

nitrogen adsorption-desorption isotherms show similar shapes. According to the BDDT classification: These 
shapes clearly indicate the Type IV isotherms which is  characteristic of mesoporousmaterials.Table 2 gives the 
porous properties of the original (AC) and modifiedactivated carbons (MAC-HNO3 and MAC-EDTA) obtained 
from the analysis of N2 adsorption isotherms(Brunauer, Deming et al. 1940).It is observed that  surface areas 
(SBET, Sα ,  , )and pore volumes(VT , , ) of the original activated carbon decrease after modification 
With  increasing Average pore radius( ) This could arise from the inaccessibility of N2 molecules into the 
internal adsorption sites due to the presence of increased functional groups at the pore entrance  causing  
electrostatic repulsion of surface probe molecule (nitrogen)and possibly by the collapse of some thin pore walls 
that  caused by oxidizing agent during the oxidation (Choma, Burakiewicz-Mortka et al. 1999, Salame, Bagreev 
et al. 1999).It also shown that further modification of MAC-HNO3 To MAC-EDTA cause further  functional 
groups at the pore entrance causing more electrostatic repulsion and narrower pores thus leading to  more 
decreasing in total surface areas and average pore radius with increasing in micro surface area( ). 
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Fig. 1: FTIR spectra of AC ,MAC-HNO3 and MAC-EDTA 
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Fig. 2: Nitrogen adsorption- desorption isotherms at 77K for AC, MAC-HNO3, MAC-EDTA. 
 
3.1.3 SEM and TEM: 

 
The SEM images of the samples in Fig.3 showed a noticeable change in the surface morphology.MAC-

HNO3 showed a wider pores in compared with AC confirmed the erosive action of HNO3 and the disintegration 
of large grains into small grains, which might even produce very large macropores as a result of the distortion 
and/or the removal in adjacent micropores upon HNO3 oxidation. MAC-EDTA have similar image with MAC-
HNO3 but with lesser number of large pores. Some slight differences at the TEM  micrographs are noticeable in 
fig.4. 
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Fig. 3: SEM micrograph (a) & (b) for AC, (c) & (d) for MAC –HNO3 and (e) & (f) for MAC-EDTA. 

 
3.1.4 Surface acidity and Boehm titration: 

 
Table 1 summarizes the results of Boehm titration. The total number of the surface basic sites was 

calculated in all cases is smaller than the total number of the acidic surface sites. This is in agreement with 
pHSUS, which is also acidic.and point of zero charge pHPZC. The MAC-EDTA showed slight increase in total 
acidic and a large raise of total basic groups  in comparing to MAC-HNO3. 

 
3.2 Effect of initial pH on the adsorption of Pb2+: 

 
The initial pH influences significantly the adsorption processes. It does not only influence surface charge, 

degree of ionization of the functional groups  on the surface of the adsorbent, but also the existing form of the 
metal ions in solution.The solution initial pH was varied within the range 1.6 to 7. This pH range was chosen to 
avoid metal solid hydroxide precipitation. It can be seen from Fig. 5 , the adsorption rate is increasing  rapidly 
above pH 2.0 but above pH 4.5, the increasing rate is relatively very slow, the adsorption capacity is near the 
maximum capacity.Below pH 2.0, the adsorption quantity of Pb(II)  was very low which is attributed to the 
electrical repulsion between  Pb(II) ions and positively charged function groups on the carbon surface would be 
responsible for  the low Pb(II)adsorption. With increasing solution pH, the carbon surface became more 
negatively charged due to the dissociation of the function groups, which could enhance the electrostatic 
interactions of Pb2+  ions with negative function groups and facilitate the Pb ion adsorption. It is observed that 
MAC-EDTA showed a higher adsorption capacity at pH below 2 in compared with both AC and MAC-HNO3 

  

  

  

a b 

c d 

e f 



903 
J. Appl. Sci. Res., 9(1): 897-912, 2013 

 

 

which is an advantage made the MAC-EDTA able to Chelateing  metal ions even at low pH value. This 
behavior of MAC-EDTAcan be attributed to the inductive effects that decrease the pKa values of EDTA 
carboxylic groups(Pereira, Gurgel et al. 2010). At pH 4.5 it was possible to carry out the determination of 
Pb(II). So, pH 4.5 was chosen as the optimum pH for further studies. 

 

  

  

  
Fig. 4: TEM micrograph (a) & (b) for AC, (c) & (d) for MAC –HNO3 and (e) & (f) for MAC-EDTA. 

 
Table 1: characterization of the adsorbents 

Type of 
carbon 
 
 
 

Carboxylic 
(mmol/g) 

Lactonic 
(mmol/g) 

Phenolic 
(mmol/g) 

Total 
Acidic 
groups 
(mmol/g) 

Basic 
groups 
(mmol/g) 

Moisture 
content  
% 

Ash 
content 
% 

Surface 
pH 

Point of 
zero 
charge 

AC 0.078 0.0225 0.0456 0.1461 0.125 10 9 6.5 7 
MAC-
HNO3 

0.585 0.0476 0.2523 0.8849 0.084  6.38  3.5 3.5 

MAC-
EDTA 

0.4038 0.489 0.0966 0.9894 0.26  3.7 7.2 7.45 

 
Table 2: N2 adsorption and surface area data 

 
Sample 

 
SBET 
(m2/g) 

 
Sα 
(m2/g) 

 
(m2/g) 
 

 
 (m2/g) 

 

 
VT 

 (ml/g) 

 
 

(ml/g) 
 
 

 
(ml/g) 
 

 
(nm) 

AC 2114.6 1765.68 1181.25 584.43 1.7515 0.35 1.40 1.657 
MAC-
HNO3 

934.4 720.944 576.332 144.611 0.87575 0.20 0.67 1.874 

MAC-
EDTA 

587.8 516.874 287.196 229.678 0.5084 0.16 0.35 1.730 

 
3.3 The effect of initial concentrations: 

 
The equilibrium isotherm shown in Fig. 6 indicated that the adsorption by all carbons increased with the 

initial or equilibrium Pb concentrations, due to the increase in the driving force of the concentration gradient as 
a result of increasing the metal ion initial concentration(Sun and Xu 1997, Özacar and Şengil 2005). The 
equilibrium adsorptions  showed the enhancement of  the adsorbed amount lead AC.Modified carbons  appeared 

a 
 

b 
 

e 
 

f 
 

d 
 

c 
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to be more effective under a higher aqueous Pb concentration (AC:10.6 mg/g , MAC-HNO3: 106.4 mg/g, MAC-
EDTA 121.2 mg/g) as compared with AC. The adsorbed amounts at equilibrium by MAC-HNO3 were 
estimated to be almost 10 times as much as the capacity by AC ,whereMAC-EDTA 11.43 times as AC. 
Apparently, the surface modifications had generated new sites for Pb binding, which was accountable 
forenhanced adsorption. 
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Fig. 5: effect of pH on adsorption of Pb2+ on AC , MAC-HNO3 and MAC-EDTA. 
 

0 100 200 300 400
0

20

40

60

80

100

120

140

qe
 (m

g/
g)

ce (mg/l)

 AC
MAC-HNO3
 MAC-EDTA

121.2 mg/g

106.4  mg/g

10.57 mg/g

 
Fig. 6: Adsorption isotherm of Pb2+ on AC , MAC-HNO3 and MAC-EDTA. 
 
3.4 Equilibrium adsorption studies: 

 
The equilibrium adsorption isotherms are of fundamental importance in the study and design of adsorption 

systems. The adsorption of aqueous species on activated carbons may be described by various isotherms 
including Langmuir, Freundlich, Sips and Redlich–Peterson  isotherm equations(Ania, Parra et al. 2002). In this 
study, the regression analysis of experimental data has been carried out using both the Langmuir and Freundlich 
isotherm models. The linear form of Langmuir isotherm equation is given as: 

 
                                  (7) 

 
whereb is Langmuir equilibrium constant (l/mg), and qm (mg/g) is the monolayer adsorption capacity. Both 

are determined from a plotCe/qe versus Ce (Fig. 7 a). Langmuir isotherm is frequently evaluated by a 
separation factor, RL, which is defined as follows: 
 
RL =            (8) 
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where C0 in this case is the higest initial solute concentration. The value of separation factor indicates the 
type of the isotherm and the nature of the adsorption process. Considering the RL value, adsorption can be 
unfavorable (RL >1), linear (RL=1), favorable (0 < RL <1) or irreversible (RL=0)(Karagöz, Tay et al. 2008). In 
our case, all the RL value was found to be  (0 < RL <1)  which  confirmed that all adsorbents show favorable 
adsorption for lead(II) ions. The RL values   indicates  that favorability of the adsorption  followed the order : 
MAC-EDTA > MAC-HNO3 >AC.Freundlich isotherm is purely empirical and it best describes the adsorption 
on heterogeneous surfaces(Ng, Losso et al. 2002). Freundlich isotherm equation is shown below in its linear 
form: 

 
            (9) 

 
where KF (l/g) is Freundlich constant and n is Freundlich exponent. These parameters are determined from 

a plot log qe versus log Ce (Fig. 7b). 
The isotherm parameters for the adsorption of lead(II) ions onto carbons are given in Table 3. Langmuir 

adsorption model provides the best fit with experimentally obtained data for both MAC-HNO3 and 
MAC_EDTA. (r2> 0.999) and . For AC, the best fit model is the Freundlich adsorption model (r2> 0.994).   
 
3.5 Effect of contact time: 

 
The effect of contact time was studied for the carbons. From (Fig. 8) : It can be seen that the adsorption of 

Pb (II) ions is rapid during the first 5h. The fast adsorption at the initial stage may be due to the availability and 
plenty of active sites on the adsorbent surface. After 9h, the uptake was almost constant such that it could be 
considered the equilibrium time of the Pb (II) adsorption.  
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Fig. 7: Adsorption isotherm model for lead (a) Langmuir and (b) Freundlich. 
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Table 3: Langmuir Freundlich and Temkin isotherm constants for Pb(II) adsorption 
 
 

 AC MAC-HNO3 MAC-EDTA 

Freundlich K 0.1160 43.6647 51.4814 
1/n  0.7461 0.1628 0.1600 
R2 0.9943 0.8598 0.9440 

Langmuir  
 
 
 

qm (mg/g)  22.6552 110.6195 126.9036 
b (L/mg)  0.0020 0.0750 0.0822 
RL 0.3890 0.0163 0.0149 
R2 0.9139 0.9998 0.9998 

 
3.6 Adsorption kinetics: 

 
In order to clarify the adsorption kinetics process of Pb(II) on carbons  two kinetic models, pseudo-first-

order  and pseudo-second-order were applied to the experimental data. 
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Fig. 8: Effect of contact time on adsorption of Pb(II) on AC, MAC-HNO3 and MAC-EDTA. 

 
3.6.1. Pseudo first-order equation: 

 
The pseudo-first-order kinetic model is frequently used in kinetic studies(Hameed, Ahmad et al. 2007). It is 

expressed by the following equation: 
 

.                     (10) 
 
Where qe and qt (mg/g) are the amounts of Pb(II) adsorbed at equilibrium and at time t, respectively and k, 

is the equilibrium constant (min-1) which were obtained from the slopes of the linear plots of ln(qe – qt) versus t 
(Fig.  9a) 
 
3.6.2. Pseudo second-order equation: 

 
The pseudo-second-order kinetic model may be expressed by the equation: 
 

                         (11) 
 
Where k2 (g/mg min) is the equilibrium rate constant for the pseudo second-order adsorption and  qe can be 

obtained from the plot of t/qt against t (Fig. 9b) (Franca, Oliveira et al. 2009). 
A comparison of the results with the correlation coefficients for the first-order kinetic and second-order 

kinetic models  is shown in Table 4. For MAC-HNO3 and MAC-EDTA : The second order model is the best fit 
model for experimental kinetic data this due to the value of the calculated qe agree very well with the 
experimental data and r2 is greater than 0.996 for both adsorbents. For AC: it follow pseudo first order model 
with correlation coefficients (r2=0.967) and the calculated qe from the first-order show good agreement with the 
experimental qe,exp. 
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3.6.3. Intraparticle diffusion equation: 
 
Because Eqs. (10) and (11) cannot identify the diffusion mechanisms, thus the intraparticle diffusion model 

was also tested(Wu, Tseng et al. 2001, Annadurai, Juang et al. 2002, Özacar 2003). Intraparticle diffusion 
model is defined by the following equation: 

 
qt=kintt0.5+ C                                (12) 

 
where kint (g/mg min1/2) is the constant of the adsorption ,  C is the intercept and can be determined from 

a plot qt versus t1/2 (Fig. 9c) [19](Altenor, Carene et al. 2009).Such plots may present a multilinearity(Yan and 
Viraraghavan 2003, Qi and Xu 2004), 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 and from it Kint. The third portion is the final equilibrium 
stage where intraparticle diffusion starts to slow down due to extremely low adsorbate concentrations in the 
solution. 
 
3.6.4  Boyd equation: 

 
The kinetic data were further analyzed using the kinetic expression given by Boyd et al.(Boyd, Adamson et 

al. 1947) to check whether adsorption proceeds via an external diffusion or intraparticle diffusion mechanism, 
which is expressed as follows: 

 
 …………….         (13) 

 
Where F is the fractional  of equilibrium at different times (t), and B (t) is mathematical function of 

F.wheren is an integer that defines the infinite series solution and F is the fractional attainment of equilibrium at 
time t and is obtained by the expression 
 
F =  ……            (14)  

 
where qt and qe is the amount of metal ion  adsorbed at time (t) and equilibrium respectively 

Reichenberg(Reichenberg 1953) managed to obtain the following approximations: 
 
For F values > 0.85;          B (t) = -0.4977-ln (1-F)                       (15) 
 

And for f values <0.85;     B (t) = ( -  )2             (16) 
 

Table 4: Kinetic parameters for the adsorption of  forPb(II) adsorption 
 
 

 AC MAC-HNO3 MAC-EDTA 

 qe,exp(mg/g) 
 

21.9 73.3 81.2 

First-order kinetic 
equation 

q1 (mg/g) 
 

22.836 48.389 47.525 

k1 (1/min)×10-3 
 

3.086 3.754 2.787 

 

 

0.9672 0.9368 0.8748 

Second-order kinetic 
equation 

q2 (mg/g) 
 

27.79 79.61 84.45 

k2 
[g/(mg min)]×10-4 

0.97 1.21 1.45 

 

 

0.8737 0.9969 0.9980 

Intraparticle diffusion 
equation 

kint 
[mg/(g min1/2)] 

0.894 0.720 0.584 

C 

 

0.894 50.895 59.466 

 
 

0.8622 0.8565 0.8395 

Boyd equation Intercept -0.2173 0.1184 0.2196 
R2

 0.9522 0.9597 0.9042 
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None of the intraparticle diffusion plots passed through the origin (Fig. 9c), which revealed that the 
intraparticle diffusion was part of the adsorption but was not the only rate-controlling step and indicates the 
effect of film diffusion (boundary layer diffusion) on adsorption of lead.Also Boyd plots (Fig. 9d) didn't pass 
through the origin indicating that film diffusion is the rate-limiting adsorption process for pb(II) adsorption on 
all carbons. 
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Fig. 9: kinetic models for adsorption of Pb2+ (a) Pseudo-first order, (b) Pseudo-second order, (c) Intraparticle  
            diffusion and (d) Boyd plot. 

 
3.7  Effect of temperature: 

 
The change in standard free energy of adsorption (ΔGᴏ) was calculated from the variations of the Langmuir 

constatnt, b(l/mol) with change in temperature using the following equation: 
ΔGᴏ = -RTlnb                        (17) 

 
Where R is gas constant(8.314 J/mol/K), T is temperature in K0 .Standard enthalpy (ΔHᴏ) and entropy 

(ΔSᴏ) of adsorption could be estimated from Van't Hoff equation : 
           (18) 

 
The plot of ln b vs. 1/T was found to be linear (Fig. 10) and  was computed from the slope. was 

obatained from the intercept. The negative values of ΔGᴏ(Table 5) for all adsorbents indicate the process to be 
feasible and spontaneous.  

The amount adsorbed at equilibrium must increase with increasing temperature , because ΔGᴏ decreases 
with increasing temperature of the solution. This explains why the negative of ΔGᴏvalues increase with 
increasing temperature.The positive value of  for all carbons reflects the endothermic nature of the process. 
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The positive values of S0 reflect the affinity of the carbons for Pb(II) and also suggest some structural changes 
in the adsorbate and adsorbent. 
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ln
 b
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Fig. 10: Van’t Hoff isotherm for adsorption of Pb(II) AC , MAC-HNO3 and MAC-EDTA. 

 
3.8 Effect of adsorbent dosage: 

 
The results of the experiments with varying adsorbent concentrations are presented in (Fig. 11).  
Increase in the adsorbent concentration  from 0.05 g to 0.25 g/25 ml  increases removal % of lead(II) ions 

from 5.25 % to 22.3% for AC ,and from 42% to more than 99.67 % for  both MAC-HNO3 and MAC-EDTA. 
From (Fig. 11), it can be seen that only 0.1 g of both modified carbons is sufficient for removing 90 % of Pb(II) 
concentration from solution containg 400 ppm of Pb where the unmodified AC remove only 9.3 % of Pb(II) at 
the same adsorbent dose.It was found that  the amount adsorbed per unit mass decreases by increasing the 
adsorbent dose (Fig not shown here). The decrease in adsorption density with increase in the adsorbent dose is 
mainly due to the  unsaturation of adsorption sites through the adsorption process(Shukla, Zhang et al. 2002, 
Yu, Shukla et al. 2003).The particle interaction, such as aggregation, resulting from high adsorbent dose may 
also areson for this behavviour. Such aggregation would lead to decrease in total surface area of the adsorbent 
and an increase in diffusional path length(Shukla, Zhang et al. 2002). 
 
3.9 Desorption Study: 

 
 Reversibility, which decides the cost of adsorption to some extent, is very important for the practical 

application of an adsorbent. An advanced adsorbent should possess both higher adsorption capacity and better 
desorption property. Fig. 12  shows the lead(II) desorption percentages with regard to solutions at various pH 
values. It is apparent that the lead(II) desorption percentages increased with a decrease of the pH value of the 
solution. The percentage of desorption increased sharply from pH 5 to pH=2.5 and eventually reached about 99 
% at pH = 1.6 . The above results show that the lead(II) adsorbed by the carbons can be easily desorbed and can 
be employed repeatedly in heavy-metal water purification. Furthermore, the regeneration process also indicates 
that ion exchange is one of the main adsorption mechanisms. 

 

0.05 0.10 0.15 0.20 0.25
0

10

20

30

40

50

60

70

80

90

100

%
 o

f r
em

ov
al

mass (g)

 AC
MAC-HNO3

 MAC-EDTA

 
Fig. 11: the effect of mass on adsorption of Pb2+ on AC, MAC-HNO3 and MAC-EDTA. 
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Table 5: thermodynamic parameters for the adsorption of Pb(II)  on AC, MAC-HNO3 and MAC-EDTA 
  AC MAC-HNO3 MAC-EDTA 
T (k) 298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15 
ΔG0(KJ/mol) -14.893 -16.073 -17.63 -23.923 -26.695 -29.635 -24.151 -25.7 -27.385 
ΔH0(KJ/mol)  25.854   61.2082   24.0295  
ΔS0(J/mol/k)  136.468   285.442   161.529  
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Fig. 12: Desorption of Pb2+ from AC , MAC-HNO3 and MAC-EDTA by adjusting the pH values of the solution 

using HCl. 
 

Conclusion: 
 
Modification of AC by HNO3 and EDTA significantly increased the oxygen-containing groups on the 

surface of activated carbons with noticeable change in the surface morphology and textural properties. The 
adsorption f Pb(II) was dependent on solution pH, initial concentration, time, temperature and adsorbent dose. 
The maximum adsorption capacity enhanced from 10.6 mg/g on the original activated carbon to 106.4 mg/g for 
MAC-HNO3 and 121.2mg/g  in case of MAC-EDTA. Langmuir isotherm well fitted both MAC-HNO3 and 
MAC-EDTA while AC followed Freundlich isotherm. The kinetics of adsorption of Pb(II) on AC follows 
pseudo-first-order while the pseudo second-order fitted MAC- HNO3 and MAC-EDTA.The rate-controlling 
step of adsorption process was affected by both intraparticle diffusion and film diffusion for the three 
adsorbents,  the negative value of ΔG° indicated the spontaneous nature of the process. The desorption studies 
revealed that the regeneration of modified carbons can be easily achieved. 
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