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Abstract 

In this study, the use of fly ash for removal of copper (II) and lead (II) ions from aqueous solutions has been studied. The 

removal was conducted in batch system under various conditions of pH, contact time, initial concentration of metal ions, 

adsorbent dose and temperatures. Isotherms from Langmuir, Freundlich, and Dubinin-Radushkevich at different temperatures 

(303-333 oK) were evaluated and the results were compared. Both pseudo-first and pseudo-second-order adsorption kinetics 

were also tested. Thermodynamic parameters; ΔH°, ΔG°, and ΔS° are calculated. SEM is used to assess morphological 

changed in the fly ash surfaces following adsorption of copper lead ions. The obtained results showed an equilibrium within 

20 min and maximum adsorption and removal of 95 -100% of the metal ions  at  pH 6-7. The pseudo-second order adsorption 

model was found to be more suitable for describing the adsorption kinetics. Langmuir adsorption model displayed the 

best RL values for copper ions adsorption ranged from 2.5 to 10.1 and lead ions adsorption ranged from 0.23 to 1.06. 

The Freundlich value of 1/n was less than 1, indicating favorable adsorption process and confirming adsorbent’s 

heterogeneity. The thermodynamic parameters (∆G, ∆H, ∆S) were found to be in the range of  -502 to -1424 kJ/mol, -4.5 

kJ/mol and 16.6 kJ/mol, respectively for copper  and from  -1525 to -3236 kJ/mol, -1.052 kJ/mol and 3.675 kJ/mol for lead 

ions. The mean free energy for copper was 0.002 kJ/mol,  and for lead 0.0007 kJ/mol, confirming a physical adsorption 

mechanism. 

Keywords: Fly ash, kinetic and thermodynamic adsorption, removal of copper and lead from  

aqueous solutions, scanning electron microscopy. 
 

1. Introduction 

Water contamination with heavy metals from 

wastewater discharges is one of the most critical 

problems associated with health hazard, as these 

pollutants are not-biodegradable, toxic and tend to be 

accumulated in living organisms [1]. Heavy metal 

ions removal from wastewater is an important step 

for improving water quality and to provide healthy 

water supply [2]. Therefore, before discharging into 

the environment, it is important to extract and remove 

these metal ions [3]. Copper and lead are considered 

the most toxic metals that affect the environment 

according to the World Health Organization report 

[4]. Several studies have been carried out to identify a 

suitable and cheap sorbent for heavy metal ions 

removal e.g., natural inorganic materials, peat, peat In 

the present work, fly ash is used as an efficient 

adsorbent for removing some toxic metal ions.  

Experimental conditions are optimized for maximum 

removal of lead and copper ions from aqueous 

solutions, and to convert fly ash from a useless 

hazardous substance to a useful substance for suitable  

removing of hazardous metal ions for  wastewater.  

 

2. Experimental 

2.1. Chemicals 

 Analar grade copper(II) sulfate penta hydrate, and 

lead (II) acetate, (Adwic Chemicals, Egypt) and bi-

distilled water were used for  the preparation of 

copper and lead metal ion test solutions. Atomic 

absorption spectrometer (Perkin-Elmer 2380) was 

used for metal assessment. Fly ash was collected 

from a local power stations at (El-Zawia). 
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Hydrochloric acid and sodium hydroxide were used 

for  adjusting the pH of the test solutions. 

 

2.2. Measurement of copper and lead        

Dragon digital (hotplate) with a magnetic stirrer MS-

H-Pro and temperature sensor PT 1000; 

IKA®KS4000i control was used. Copper and lead 

solutions (250-ml) were withdrawn and placed in a  

storage tank. The solutions were injected into a 

Perkin-Elmer 2380 atomic absorption spectrometer 

adjusted at ƛ = 324.8 nm for measuring copper ions 

and at ƛ = 232.0 nm for measuring  lead ions. HI2211 

pH/ORP meter HANNA instruments was used for pH 

adjustment of the test solutions.  

 

2.3. Procedure 

Adsorption experiments were carried out with   

copper and lead solutions  adjusted to pH values 

ranging from 2 to 8 using hydrochloric acid and/or 

sodium hydroxide. The solutions  were tested   at 

different  contact times (3, 5, 10, 15, 20 and 30 min), 

initial copper and lead ions concentrations (50, 100, 

150,200 and 300 mg/l), fly ash carbon dosages (0.5, 

1.0, 1.5, 2.0 and 2.5 g/l) and  temperatures   (303, 

313,323 and 333
o
K). The test solutions  were taken at 

regular time intervals, filtered to separate the fly ash 

particulates and measuring the concentration of the 

metal ions using  atomic absorption spectrometry. 

The data were used to calculate the equilibrium 

adsorption capacity qe (mg/g) which is the difference 

between the initial and equilibrium metal 

concentrations, and qt (mg/g) which is the difference 

between the initial and time changes (t) of metal 

concentrations:  

                       
(     ) 

 
          (1)                                                               

                          
(     ) 

 
         (2)                          

Metal removal (%), was determined from the 

equation: 

 

 

 

 

                    
     

  
                (3)                                      

Where Co (mg/l) is the initial metal ions 

concentration in the test solution, Ce (mg/l) is the 

equilibrium concentration of the metal ions in the 

solution. Ct (mg/l) is the metal concentration in the 

solution after time (t), m is the used mass of fly ash 

used (g) and V is the volume of the test solution (l). 

 

3. Results and Discussion 

3.1. Factors affecting the adsorption  rate 

3.1.1. Effect of pH  

 It is known  that the  pH of the test solutions 

has a major impact on the adsorption and removal of 

metal ions  from aqueous solutions. The availability 

of binding sites on the adsorbent is significantly 

affected by the metal chemistry in relation to pH in 

the solution [7]. Equilibrium experiments were 

carried out at pH ranging from 2.0 to 8.0 in order to 

determine the impact of this parameter on the 

adsorption of the copper  and lead ions by flyash.  

Aliquots   of dilute NaOH and/or HCl solution were  

added to the test solution, to adjust the pH of the 

metal ions (100 mg/I) and the solutions were treated 

with 1.0 g fly ash and  kept in contact for 30 min at  a 

temperature of 303 
o
K. The initial copper and lead 

ions  concentrations (100 mg/l) and adsorption time 

were  retained [8]. Figure 1 shows the effect of the 

initial pH on the adsorption of copper and lead metal 

ions on fly ash. The % removal of copper and lead 

ions increased by increasing the pH of the test 

solution from pH 2.0 to 8.0, reaching a maximum 

adsorption capacity at pH 6.0.  In acidic  medium, 

however, a weak adsorption occurs due to the 

competition between the protons on fly ash silica 

(≡Si-OH)  and the metal cations. However, The high 

adsorption at high pH values may be attributed to the 

presence of free lone pair of electrons (≡Si-O
..
 ), 

suitable for coordination with the metal ions. The 

metal ions can generally be solved and hydrolyzed in 

an aqueous solution [9,10]. The optimal pH values   

for maximum adsorption copper  and lead ions  by fly 

ash was found to be 6.0 and 7.0, respectively 

 

 

 

 

 
 

Figure1. Effect of pH on the adsorption of copper and lead ions onto fly ash (the initial metal

concentration =100 mg/l, fly ash dose =1.0 g, stirring speed = 600

rpm, T=303 oK and contact time = 30 min).
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3.1.2. Effect of contact time 

 

 The adsorption of copper and lead ions was plotted 

over different time intervals and shown in Figures 3 – 

6). The adsorption effectiveness was calculated on 

the basis of the change in metal concentration in the 

aqueous solution before and after adsorption 

equilibrium using five different initial concentrations 

of flying ash (50, 100, 150, 200,300 mg/l) and 1.0 g/l 

metal ion solution. For all concentrations of metal 

and fly ash studied, adsorption capacity was almost 

constant, and was therefore considered as the 

equilibrium state. The initial speed may be due to 

surface adsorption, where the adsorbent surface is 

free during initial stages [11]. Then the reactions 

continue at a faster rate, after which, adsorbed metal 

ions penetrate through the adsorbent pores, which is 

called intra-particle diffusion, and adsorbed into the 

pore. [12]. Many sites were gradually available for 

both the sorption process and the adsorption 

equilibrium. From these plots, it is clear that the 

amount of metal adsorption increases with increasing 

the contact time at all initial metal concentrations 

reaching an equilibrium within 30 minutes [13].

  

 
Figure 2. Effect of contact time for adsorption of copper onto fly ash (initial copper ion concentration = 50 to 300 

mg/l, fly ash dose =1.0 g/l, pH = 6, stirring speed =600 rpm, contact time = 30 min and T= 303 
o
K). 

 

 
 

Figure 3. Effect of contact time on the  adsorption of lead ions  onto fly ash (initial lead ion concentration = 50 to 

300 mg/l, fly ash carbon dose =1.0 g/l, pH = 7, stirring speed =200 rpm, contact time = 30 min and T= 303 
o
K).

 

 

 

Figure 4. Relation between % metal ions  removal and contact time with  different doses of fly ash at

200 rpm, 303 
o
K and initial concentration of 100 ppm  copper ions.

 In addition, it is observed that the amount of metal 

ion uptake, qt (mg/g) increases with the increase of 

the initial concentration of metal ions. This kinetic 

experiment clearly indicates that the adsorption of 

copper and lead metal ion by the fly ash carbon is a 

more or less two-step process; a very rapid 
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adsorption of the metal ions on the outer surface of 

the adsorbent followed by possible slow intra-particle 

diffusion in the inner part of the adsorbent. This two-

stage metal ion uptake has been suggested for other 

adsorption process [14]. 

 

3.1.3. Effect of adsorbent dose 

The dependence of copper and lead ions adsorption 

on the different dose of  fly ash carbon (0.5 to 2.5  

g/l), while keeping other parameters (pH, agitation 

speed, temperature, initial copper and lead ions 

concentration and contact time) constant  were 

investigated. Figures 4 and 5 show that when the 

adsorption dose of fly ash was increased from 0.5 to 

2.5 g/l, the percent metal  removal increased from 

49%  to 96% for copper ions and from 56% to 100% 

for lead ions. The optimal adsorbent dosage for 

copper and lead ions  removal using fly ash carbon is 

1.0 g/l. In agreement with other work [15,16], the 

constant initial concentration, the sum of adsorbed 

metal ions  decreases as the dose of the adsorbate 

increases.  

 

 

 

 

 

 

Figure 5. Relation between % metal ions removal and time with  different doses of fly ash at 600 rpm, 303 
o
K and 

initial concentration 100 ppm of lead ions. 

 

3.1.4. Effect of initial copper and lead ions 

concentration 

 The removal of copper and lead ions from 

aqueous solutions  was significantly influenced by 

the initial concentration of the metal ions [17,18]. 

The removal percent of both ions  decreases from 100 

to 42 % with the increase of the initial metal ions 

concentrations from 50 ppm to 300 ppm. At lower 

metal ions concentrations, the ratio of the available 

adsorption sites to the initial concentration of copper 

and lead ions are high causing complete adsorption. 

However, at higher metal ions concentrations, the 

available adsorption sites decreased compared to the 

concentration of the metal ions present in the solution 

due to lack of sufficient active sites on fly ash, and 

thus, the percentage sorption of metals decreased. 

The amount of metal ions, qe (mg/g), increased with 

increasing their initial concentration as shown in 

Figure 6.  

 

 

 

 

 

 

Figure.6. Relation between qe and initial 

concentration for copper and lead ions. 
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3.1.5. Effect of temperature 

     It has been reported that increasing the 

temperature reduces the viscosity of the solution, 

which increases the rate of diffusion of the adsorbate 

ions through the external boundary layer of the 

adsorbent, resulting in an increase in the adsorption 

process [19]. Batch adsorption experiments of copper 

and lead ions on fly ash were carried out at 

temperatures of 303, 313, 323  and 333 
o
K and the 

results are shown in Figures (8, 9). The increase in 

temperature leads to an  increase  of  the mobility of 

the  metal ions  and decreasing in the retarding forces 

acting on the ion  diffusion.  Furthermore, the 

adsorption capacity of the adsorbent increases due to 

fast chemical interaction between adsorbate and 

adsorbent and development of active surface centers. 

An enhanced rate of intra-particle diffusion of copper 

and lead ions into the pores of the adsorbent at higher 

temperature may be also considered [20]. This 

suggests that the adsorption process proceeds through 

an endothermic mechanism [21,22]. Changes in 

many thermodynamic parameters are linked to the 

temperature dependence of the adsorption method. 

The important thermodynamic properties such as 

standard Gibbs free energy (∆G
o
), standard enthalpy 

change (∆H
o
), and standard entropy change (∆S

o
) 

were calculated using the adsorption equilibrium data 

obtained at various temperatures. The following 

equations were used to estimate these parameters:                                              

4.    
  

  
                                                  (4)                                                

                                                 (5)                                                 

                                              (6) 

          
   

 
 
   

  
                                  (7) 

Where qe (mg/g) is the quantity  of copper and lead 
 

ions adsorbed onto the fly ash from the test solution 

at equilibrium, Ce (mg/l) the equilibrium 

concentration of copper and lead ions in the solution, 

R (J/mol.K) the gas constant 8.314, T (
o
K) the 

absolute temperature, and Ke (l/g) the adsorption 

equilibrium constant. ΔH
o 

and ΔS
o
 were obtained 

from the slope and intercept of the van’t Hoff’s plot 

of ln (Ke) versus 1/T as shown in Figure10. The 

values of ΔG
o
, ΔH

o
, and ΔS

o
 are collected in Table 

(1). 

 

 
 

Figure 7. Relation between qe and temperature at constant initial metal ions concentration (100 mg/l, 1.0 g/l dose 

of fly ash and 600 rpm. 

From the data obtained, it can be observed that the 

Gibbs free energy of copper and lead ions
 
adsorption 

onto fly ash carbon decreased with increasing 

temperatures, its value was negative at all tested 

temperatures. This means that temperature is needed 

for the adsorption process. The positive value of ∆H
o
 

indicates that the adsorption mechanism is 

endothermic, and the negative Gibbs' free energy 

(∆G
o
) values confirm that the adsorption of copper 

and lead ions is temperature dependent. At high 

temperature, the metal ions are readily adsorbed due 

to the high adsorption rate and capacity in the 

equilibrium time [84]. The positive ΔS
o
 suggests an 

increase in randomness at solid / liquid interface 

during the adsorption of copper and lead, thus 

allowing the prevalence of randomness in the system 

[20-24]. Figure 9 shows that the increase in  

temperature  is associated with an increases in  the 

adsorbed copper and lead ions This also indicates that 

the adsorption mechanism is endothermic and may be 

attributed to the increase of ions mobility, which 

increases the amount of ions that interact with active 

sites at the adsorbent surfaces. Other researchers have 

found similar patterns in aqueous phase adsorption. 

The entropic term ∆S
o
 is the dominant factor in 

determining the sign of ∆G
o
, as shown in equation 

(6). Furthermore, the negative values of ΔG° 

demonstrate the spontaneous behavior of the sorption 

processes [25]. The decrease in the value of ΔG° with 

the increase of temperature shows that the reaction is 

more spontaneous at higher temperature. 

Consequently the overall adsorption process of 

copper and lead ions on fly ash proceeds through an  

intra-particle diffusion [26]. 
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Figure 8. Relationship between qt and contact time at different temperatures, constant initial metal ions 

concentration of 100 mg/l, 1.0 g/l dose of fly ash and 200 rpm. a) copper b) lead ions. 

 

 
Figure 9. Relationship between % of metal  removal and contact time at different temperatures, constant initial 

metal ions  concentration of 100 mg/l, 1.0 g/l dose of fly ash and 600 rpm a) copper b) lead ions. 
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Figure 10. Relationship between ln (Ke) and reciprocal of temperature, at constant initial metal ions concentration 

of 100 mg/l, 1.0 g/l dose of fly ash and 600 rpm for copper and lead ions 

Table (1): Thermodynamic parameters of copper and lead
 
ions onto fly ash at constant initial metal ions  

concentration (100 mg/l). 

 

Heavy metal 

 

 
Thermodynamic parameters 

T ΔG
o
 ΔH

o
 ΔS

o
 

(
o
K) (kJ/mol) (kJ/mol) (J/mol.K) 

     

Copper ions 
    

 
303 -502.06  

-1.052 

 

 

 

3.675 

 

 

 
313 -844.96 

 
323 -1152.04 

 
333 -1424.86 

Lead ions     

 303 -1525.90   

 313 -1955.72 -4.51 16.62 

 323 -2488.12   

 333 -3236.53   

3.2. Adsorption kinetics 

 Kinetic models are commonly used to 

understand and explain the nature of the adsorption 

processes and to evaluate the efficiency of adsorbents 

of copper and lead ions on fly ash. Thus, Lagergren 

pseudo-first-order [27], and pseudo-second-order [28, 

29] were tested. Correlation coefficients were used to 

express the consistency between the obtained 

experimental results and model-predicted values (R
2
, 

values close or equal to 1, the relatively higher value 

is the more applicable model). Figures 2 and  3 show 

good removal of copper and lead ions by adsorption 

as a function of contact time for various initial metal 

concentrations (50, 100, 150, 200, and 300 mg/l) 

during the first 30 minutes of contact with  fly ash 

showed good adsorptive results. With contact time 

above 30 minutes, there was no increase in 

adsorption. These findings show that the actual 

adsorption of metal ion and binding to the adsorbent 

are extremely fast. Two kinetic models, including 

pseudo-first and pseudo-second orders, are used to 

examine the experimental data and to investigate the 

mechanism of adsorption. The possible rate-

controlling measures, which involve mass transport 

and chemical reaction processes are also examined. 

The adsorption mechanism of copper and lead ions in 

the solid phase is explained by a good correlation of 

the kinetic data (Table 2). The R
2
 values are 

compared to determine the validity of each of the 

examined model. As a result, the adsorption of 

copper and lead ions perfectly matches the pseudo-

second order model, as shown in Table 2. The 

measured equilibrium adsorption potential is similar 

to the experimental results with high correlation 

coefficients (R
2
 > 0.998).  

3.2.1. The pseudo first-order kinetic model 

The Lgergren pseudo-first-order model [27] is the 

earliest known equation which describes the 

y = -1.0521x + 3.6759 
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adsorption rate as a function of the adsorption 

capacity. 

          (      )     (  )                            (8) 

Where qe (mg/g) and qt (mg/g) are the amounts 

adsorbed per unit mass at equilibrium at any time, t 

(min) is time, and k1 is the pseudo first order 

adsorption rate coefficient. The slope and intercept of 

the linear plot of ln (qe-qt) vs. t yield the values of k1 

and qe, shown in Figures (11, 12) and Table (2). The 

value of qe must be known in order to match the 

experimental data to  equation (8). A comparison of 

experimentally determined qe values with those 

obtained from plots of ln (qe-qt) vs t [27, 28] is the 

real test of equation (8) validity. The correlation 

coefficients of pseudo first-order kinetic model are 

low and the difference of equilibrium adsorption 

capacity (qe) between the experimental and the 

calculated data was observed, indicating a poor 

pseudo first-order fit to the experimental data. 

  

3.2.2. The pseudo second-order kinetic model 

The present kinetic data, are based on the assumption 

that the adsorption process follows pseudo second-

order. 

                     (          )                  (9)                                                            

Where k
2
 is the adsorption pseudo-second order rate 

constant (mg g
-1

 min
-1

). The plot of t/qt versus t is 

linear (Figures 18, 19) with slopes and intercepts 

usable for determining qe and k2 (qe=1/slope and k2 = 

(slope)
2
/intercept, respectively. Each linear plot was 

used to examine the applicability of the above two 

models shown in Figures (13, 14). The correlation 

coefficient, R
2
,  is  calculated from these plots to 

quantify the applicability of each model. Table 1 

shows the kinetic rate constants obtained from the 

first and second-order pseudo kinetic models (2). The 

pseudo-second order adsorption model's correlation 

coefficient, R
2
, is relatively high (> 0.9979), and the 

adsorption capacities calculated by the model are also 

close to those experimently obtained. The R
2
 values 

for the pseudo-first order, on the other hand, are not 

satisfactory. As a result, the pseudo-second order 

adsorption model is  more suitable for describing 

copper and lead ions  adsorption kinetics on fly ash   

In general, the adsorption reaction is known to 

proceed through the following three steps: (i) transfer 

(diffusion) of adsorbate from the bulk solution to 

adsorbent surface, (ii) migration of adsorbate into the 

pores of adsorbate and (iii) interaction of adsorbate 

with the available sites on the interior surface of 

pores [30].  

 

 

 

Figure 11. Pseudo-first order kinetic fit for the adsorption of copper ions onto fly ash at different initial 

concentrations, 1.0 g fly ash dose, 600 rpm and 303 
o
K.  
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Figure 12. Pseudo-first order kinetic fit for the adsorption of lead metal ion onto fly ash  at different initial 

concentration, 1.0 g fly ash  dose, 200 rpm and 303 ⁰K. 

 

 
 

Figure 13. Pseudo-second order kinetic fit for the adsorption of copper  ions onto fly ash  at different initial 

concentrations, 1.0 g fly ash dose, 200 rpm and 303 
o
K.  

 

 
 

Figure 14. Pseudo-second order kinetic fit for the adsorption of lead metal ion onto fly ash at different initial 

concentration, 1.0 g fly ash dose, 600 rpm and 303 
o
K. 

Table (2): Kinetic models and other parameter for adsorption of a) copper b) lead ions  onto fly ash at different 

initial concentrations of metal ions, 1.0 g dose, 600 rpm, 303 
o
k.  

(a) 
 

Kinetic models              parameters 

 

Concentration of copper ion solution, (mg/l) 

50 100  150  200  300  

 

 

Pseudo-first order 

equation 

 

 

 

 

 

 

Pseudo-second 

order equation 

 

 

 

qe(Exp) (mg/g) 

 

 

 

 

qe (calc.)(mg/g) 

k1(min
-1

) 

R
2 

 

 

 

 

qe (calc.) (mg/g) 

k2(g/mg.min) 

k2qe
2
(mg/g.min) 

k2qe
2 

t0.5 

R
2
 

 

11.78 

 

 

 

 

1.3816 

-0.1072 

0.9417 
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0.0420 

 

 

 

0.9984 
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 (b) 

 

3.3. Equilibrium adsorption study 

The design and optimization of adsorption processes 

require the development of an appropriate isotherm 

model. Langmuir, Freundlich, Redlich–Peterson, 

Dubinin–Radushkevich, Sips, and Temkin  are some 

of the isotherm models that have been developed for 

determining the equilibrium adsorption of different 

components from solutions[38]. Because the 

Langmuir, Freundlich, and Dubinin–Radushkevich 

equations are the most commonly used to investigate 

the adsorption isotherm, the experimental results of 

this study were applied with these two models. 

Equilibrium adsorption isotherms are useful for 

determining the adsorption capacity of copper and 

lead ions as well as diagnosing the nature of 

adsorption on fly ash [39]. 

 

3.3.1. Langmuir model   

Adsorption of a solute from a liquid solution as 

monolayer adsorption on a surface with a finite 

number of identical sites is commonly expressed by 

the theoretical Langmuir sorption isotherm [38] The 

Langmuir isotherm model assumes uniform 

adsorption energies on the surface with no adsorbate 

transmigration in the plane of the surface. For 

estimating the maximum adsorption capacity 

corresponding to complete mono-layer coverage on 

the sorbent surface, the Langmuir isotherm model 

was chosen. The linear representation of the  

Langmuir isotherm model is expressed as follows  

[38].    

               
  

  
 

 

      
 

  

    
                               (10) 

Where qe is the adsorbent's equilibrium, metal ion 

concentration (mg/g), Ce is the solution's equilibrium 

metal ion concentration, qmax is the adsorbent's 

monolayer adsorption saturation capacity, and b is the 

Langmuir constant. Figure 15 depicts linear plots of 

Ce/qe vs Ce and is used to calculate the Langmuir 

isotherm parameters with a linear regression equation 

and the results are tabulated in Table (3). The slope 

and intercept of the plots are used to calculate b and 

qmax, respectively. High R
2
 values for copper and lead 

metal ions reveal extremely good application of 

Langmuir model to these adsorptions. 

The Langmuir isotherm's can be expressed in terms 

of a dimensionless constant separation factor (RL), 

which is defined as: 

               
 

     
                                      (11) 

Where Co is the initial concentration of the metal ion. 

The values of RL indicate the type of isotherm to be 

either unfavorable (RL > 1), linear (RL = 1), favorable 

(0 < RL < 1) or irreversible (RL = 0). From this study 

RL, values for Cu ions adsorption ranged from 2.5 to 

10.1 and for Pb ions adsorption ranged from 0.23 to 

1.06. Therefore, the adsorption process is favorable 

and fit with this model [39,40]. 
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Figure.15. Linear Langmuir adsorption isotherm for a) copper, b) lead (II) ions with fly ash at 303 
o
K.

3.3.2. Freundlich model  

 The Freundlich isotherm model [42] is 

applicable to adsorption on heterogeneous surfaces 

with interactions between adsorbed molecules. The 

Freundlich equation suggests that sorption energy 

decreases exponentially as an adsorbent's sorption 

centers are completed. This isotherm is an empirical 

equation that can be used to describe heterogeneous 

systems and is written in linear form as follow    

              
 

 
                              (12) 

The Freundlich constants KF and 1/n denote the 

adsorption capacity and intensity, respectively. The 

constants 1/n and KF are 

calculated from the slope and intercept, respectively, 

and collected in Table 21. The results show the linear 

plot of log qe versus log Ce (3). Since the obtained 

value of 1/n is less than 1, this indicates favorable 

adsorption and confirms the adsorbent's heterogeneity 

(Figure 16). Moreover, this suggests formation of 

strong bonds between copper and lead ions   and fly 

ash [43].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.Linear Freundlich adsorption isotherm for a) copper, b) lead ions with fly ash at 303 
o
K. 
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3.3.3. Dubinin–Radushkevich (D-R) isotherm model 

The D–R isotherm model is a semi-empirical 

equation in which a pore filling mechanism governs 

adsorption. It assumes that the adsorption proceeds in 

multilayered, that van der Waals forces are involved, 

and that it can be applied to physical adsorption 

processes [44]. The D–R isotherm model is written in 

a linear form as: 

                  
                                         

(13) 

Where, qs is the theoretical isotherm saturation 

capacity (mg/g), Kad is the D-R isotherm constant 

(mol
2
/J

2
) and ε is the Polanyi potential which is equal 

to RT ln (1 + 
 

  
), where R (J/mol.K) is the gas 

constant and T (K) is the absolute temperature. Figure 

17, shows a linear relation between ln qe versus ε
2
. 

The slope of the plot gives Kad  (mol
2
/J

2
) and the 

intercept yields the sorption capacity qs (mg/g) [Table 

(4)]. The constant Kad  gives an idea about the mean 

free energy E (kJ/mol) for adsorption per molecule of 

adsorbate when it is transferred to the surface of the 

solid from infinity in the solution and can be 

calculated using the relationship:                                            

E = 1 / (2 kad)
1/2

                                            (14) 

This parameter indicates whether the adsorption 

mechanism is chemical ion-exchange or physical 

interaction. When E value lies between 8 and 16 

kJ/mol, the adsorption process is considered as 

chemical ion-exchange, whereas when E value is less 

than 8 kJ/mol, the adsorption process is physical 

interaction. In the case of copper, the adsorption of 

the mean free energy is 100 kJ/mol, while in the case 

of lead, it is 235 kJ/mol, which corresponds to a 

physical adsorption mechanism [25, 32-33].  All of 

the isotherm models fit very well with adsorption 

process and R
2
 values are compared in Table (3).

 

 

Figure17. The Dubinin–Radushkevich (D-R) adsorption isotherm for a) copper,  b) lead ions with fly ash  at 303 
o
K. 

Table (3). Adsorption isotherm constants for the adsorption of copper and lead ions onto  fly ash  at 303 
o
K. 
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3.4 Scanning electron microscopy (SEM)  

SEM examination is widely used to investigate the 

morphological characteristics and surface properties 

of adsorbent materials [41,42]. SEM is used in this 

study to assess the morphological changes in fly ash 

surfaces as a result of copper (II) and lead (II) ion 

adsorption. Scanning electron microscopy was used 

to examine the morphology of three different types of 

fly ash particles, and the results are shown in Figure 

18. The surface of these samples (Figure 23 A) shows 

a distinct roughness with more curved planes, porous 

and holes structure. The SEM micrographs displays 

macro pores in the fly ash (Figure 18 A) with large 

surface area which enable metal adsorption with high 

efficiency. Figures (18 B, C) show that the surface 

morphology of fly ash has undertaken significant 

changes after adsorption of copper and lead  ions. 

The SEM image of 1.0 g fly ash  and 250 mg/l 

solution at 303 
o
K and 600 rpm for 30 min (23 B) 

shows that interlayer spaces have collapsed, resulting 

in tightly packed flakes and a more tightly bound 

structure. With another dose of fly ash (1.0 g); the 

external surface of the fly ash is fully saturated with 

rough cavities. This phenomenon revealed that the 

adsorption process involved a multi- layer of 

coverage on the fly ash surface [42]. 

Figure18.  SEM micrographs of the fly ash  A) before adsorption of copper and lead ions B) after 

A B C 
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adsorption of copper ions   C) after adsorption of lead ions. 

3.5 X-Ray diffraction 

 

The diffractogram  of fly ash  samples before and 

after copper and lead ions  adsorption are shown  in 

Figure 19. These graphs show the relation  between  

diffracted intensity and  diffraction angle and confirm 

the crystallinity pattern. The results show that 

adsorption of copper  and lead ions on fly ash has no  

significant effect on the crystalline structure of fly 

ash. The main difference in the XRD patterns of fly 

ash  is the intensity 

of the first order 

diffraction peak. This difference is probably due to 

the different adsorption coefficients of the elements 

present on fly ash or due to the transformation of 

amorphous fly ash carbon leading to an increase of 

the graphitization degree after adsorption of the 

copper and lead ions on fly ash [42].

 

 

 

 
Figure 19. XRD fly ash before and after removal of copper and lead ions. 

 

3.6. Adsorbate recycling/ reusability and metal 

ions recovery 

A preliminary study reveals possible metal ion 

recovery by leaching for at least one hour with 5 M 

hydrochloric acid solution. However, the adsorption 

capacity of fly ash deteriorate. A more simple 

approach is to incinerate the metal loaded adsorbate 

above 600
o
C to convert the adsorbate into carbon 

dioxide and water and the metal ions into metal 

oxides, followed by dissolving the metal oxides 

residue in 5% hydrochloric acid to obtain metal 

chlorides solution. Other leaching agents are under 

investigation. 

3.7. Conclusions 

Fly ash is an environmental hazard worldwide, and 

it poses a threat to ecosystems, including people, 

animals and plants. The present study presents a 

suitable and convenient low cost application of the 

use of fly ash for industrial water treatment and for 

the removal of copper and lead ions from aqueous 

waste water. Detailed physicochemical study and 

mechanism of the removal of   95 – 100 % of the 

initial copper and lead ions from aqueous solutions 

by adsorption on fly ash are described. Adsorption 

factors affecting the removal process including the 

effect of metal ions concentrations, contact time, 

temperature, fly ash dose and pH are examined. 
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