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Abstract 
The objective of this study is to develop carbon, that of Acacia auriculeafor-
mis through its activation in order to eliminate lead in an aqueous medium. 
A series of activated carbon has been prepared by chemical activation with 
phosphoric acid, sodium hydroxide and sodium chloride. The determination 
of the physico-chemical properties of the prepared carbon guided the choice of 
phosphoric acid activated carbon as the best adsorbent for the elimination of 
lead(II) in an aqueous solution. Pb2+ adsorption tests in batch mode have 
shown that the adsorption capacity is influenced by various parameters such 
as mass, pH, concentration of Pb2+ ions and contact time linked to the me-
dium and the adsorbent. Adsorption isotherms, kinetic models and thermo-
dynamics have been used to describe the adsorption process. The equilibrium 
data for activated charcoal correspond well to the model of Freundlich, 
Langmuir, Temkin and Kiselev. The kinetic adsorption data proved to be better 
described by the pseudo-second order model with external and intraparticle 
diffusion which are two decisive steps in the adsorption process of Pb2+ ions. 
Thermodynamics and adsorption isotherms predict a spontaneous exother-
mic surface reaction, of the chemisorption type, with ion retention in orderly 
monolayers on the heterogeneous surface of the adsorbent. Tests carried out 
with this adsorbent material have contributed to the elimination of the Pb2+ ions 
contained in an industrial effluent with a reduction rate reaching 42.52% 
against 85.90% in a synthetic solution. 
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1. Introduction 

Most developing countries today face enormous environmental problems. Indeed, 
the increase in industrial and human activities such as mining, painting, weld-
ing, refineries, the use of pesticides, herbicide, and fertilizers, the manufacture of 
electronic products and accumulator batteries liberate each year a large number 
of metallic elements in the aquatic ecosystem, causing contamination of water 
and soil [1]. The heavy metals most often called metallic trace elements (MTE), 
are widely distributed in our environment and are of ecological importance giv-
en their high toxicity for living organisms. Even at low concentrations, these 
metals can be toxic to organisms including humans [2] [3]. Some heavy metals 
are non-biodegradable pollutants that are stored for several decades in water re-
servoirs and soil environments [4]. Among these is lead. Lead, heavy metal, very 
persistent and largely favorable for the environment is a toxic substance which 
accumulates in the organism and disturbs it, the nervous system, the blood, the 
gastrointestinal tract, the cardio-vascular and kidney. Lead is a possible human 
carcinogen. Exposure to lead can cause sterility in adults, mortality, postnatal 
morbidity and disruption of the endocrine system [5]. 

Several methods have been used to remove metallic trace elements and in par-
ticular lead, present in wastewater and contaminated soil. These are the processes 
of chemical precipitation [6], ion exchange [7], coagulation-flocculation [8], com-
plexation [9], membrane filtration [10], electrochemical process [11], etc. Howev-
er, these techniques are often either ineffective, expensive or produce secondary 
waste that is difficult to treat [12] [13]. Furthermore, adsorption is a widely used 
method for water treatment, due to its advantages, notably its low cost, its high 
efficiency at low cation concentration, and an easy operation without side effects 
on the environment [14] [15]. 

In this study, we focused on the adsorption process using activated carbon. 
Activated charcoal is a material consisting essentially of carbonaceous material 
with a porous structure obtained from the carbonization of carbonaceous mate-
rials, such as biomass, which is easily accessible in Côte d’Ivoire. Among these 
carbonaceous materials, coconut hulls [16] [17] [18], peanut and soy hulls [19], 
Pterygota macrocarpa wood [20] have proven to be good precursors for the re-
moval of organic compounds and inorganic. In the search for natural resources 
for the local production of cheaper activated carbon, we were interested in car-
bon from the wood of Acacia auriculeaformis whose abundance is reported and 
whose use is limited to fuel. Previous work by Kra et al. [21] has already shown 
the adsorbent properties of activated carbon from this species of wood.  
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The objective of this research is to assess the efficiency of elimination of lead 
by activated carbon from Acacia auriculeaformis by adsorption in aqueous me-
dia. Otherwise, it is a question of valorizing the carbon based on this species of 
Acacia. A characterization of the prepared adsorbents was carried out in order to 
provide a relationship between structure and adsorption capacity of lead(II) ions. 
In addition, the effects of contact time, initial concentration of lead(II) ions, pH, 
and dose of adsorbent were examined. The adsorption kinetics, isotherm models 
and thermodynamic parameters of lead(II) on the synthesized adsorbent were 
briefly discussed. 

2. Methodology 
2.1. Preparation of Activated Carbon  

The raw material is carbon from Acacia auriculeaformis prepared in an experi-
mental butane gas retort at the technological research station (TRS) of the Na-
tional Center for Agronomic Research in Cocody (Abidjan, Ivory Coast). Acti-
vation is done by impregnation for 24 hours of pieces of Acacia auriculeaformis 
carbon coarsely crushed in the form of dice in three oxidizing agents H3PO4, 
NaOH, and NaCl. The samples obtained after impregnation are dried and 
ground. The ground material whose diameter is between 125 μm and 2 mm is 
recovered using an Afnor sieve and placed in a muffle furnace (Nabertherm 
brand 30˚C - 3000˚C) at 800˚C for 6 hours [21]. The carbonization conditions 
are presented in Table 1. After the heat treatment, the carbon obtained are cooled 
and then washed several times with distilled water until the pH of the washing so-
lution is between 6.5 equal to 7. 

2.2. Characterization of Carbon 
2.2.1. Characterization of the Porous Texture 
The textural properties of all the samples were determined by nitrogen adsorp-
tion experiments at the temperature of liquid nitrogen (77 K) with a Quantach-
rom Autosorb1. The samples were all first degassed at 150˚C for 6 h under va-
cuum before the N2 adsorption/desorption tests. The surfaces were calculated by 
applying the BET equation (Brunauer-Emmet-Teller) to the first part of the iso-
therms. The total pore volume in each sample was evaluated from the amount of 
nitrogen adsorbed at the highest relative pressure examined. The results of the  
 
Table 1. Preparation conditions of activated carbon. 

Oxidizing agents 
Carbonization 

temperature (˚C) 

Oven  
residence time 

(Hour) 

Abbreviation of 
the carbon  
obtained 

Activated with H3PO4  
commercial diluted to 10% 

800 6 CAA 

Activated with NaOH 1N 800 6 CAB 

Activated with NaCl 36.5 g/L 800 6 CAS 

https://doi.org/10.4236/jeas.2021.111002


D. O. Kra et al. 
 

 

DOI: 10.4236/jeas.2021.111002 21 Journal of Encapsulation and Adsorption Sciences 
 

texture study are given in Table 2. Surface micrographs of the samples before 
and after adsorption were taken using a JSM-840 model scanning electron mi-
croscope (SEM) for surface micro-analysis. 

2.2.2. Chemical Characterization 
The method of Boehm [22] was used to determine the composition of active 
carbon in an acid or basic surface group. Concentration solutions of 0.1 N of 
strong bases of NaHCO3, Na2CO3 and NaOH as well as strong acid of HCl were 
prepared. The number of sites of the various acid functions is calculated by con-
sidering that NaHCO3 neutralizes the carboxylic groups, Na2CO3 neutralizes the 
carboxylic groups and the lactone groups and NaOH neutralizes the carboxylic, 
lactone and phenolic groups. The number of basic sites is calculated from the 
amount of HCl which has reacted with carbon.  

The pHZPC was determined by the pH derivative method according to [23], 
using 100 mg of activated carbon and 50 mL of 0.01 M NaCl solutions with a pH 
varying from 2 to 12, pH adjusted by adding a 0.01 M HCl or NaOH solution. 
The suspensions are kept under constant stirring, at room temperature, for 48 h, 
in order to determine the final pH. The pHZPC is the point where the pHfinal = 
f(pHinitial) curve intercepts the first bisector pHfinal = f(pHinitial). 

2.2.3. Yield, Ash Rate and Iodine Value 
 The values of the yields from the production of active carbon are estimated 

by application of formula (1): 
 

Table 2. Adsorption isotherm models. 

Isotherm model Equation Linear form Curve 
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with: qe and qm: the adsorption capacities respectively at equilibrium and maximum (mg/g); Ce: residual concentration at equilibrium (mg/L); KL, KF, KFG, 
K1: Langmuir, adsorption-adsorbent constants, respectively Freundlich, Fowler-Guggenheim and Kiselev; Kn: Constant of complex formation between ad-
sorbed molecules of Kiselev; W: Interaction energy between adsorbed molecules (kJ·mol−1) from Fowler-Guggenheim. ∆Q: Variation of the Temkin adsorp-

tion energy (kJ/mol). AT: Temkin equilibrium constant (L·mg−1); mRTqB
Q

=
∆

 (J·mol−1): Constant linked to the heat of adsorption; R = 8.314 kJ·K−1·mol−1: 

Constant of ideal gases; T (K): Absolute temperature; qmDR: Maximum adsorption capacity in micropores (mg/g) of Dubinin-Radushkevich; ε: Polanyi po-
tential; β: Constant linked to the energy of adsorption (mol2·kJ−2) according to D-R. e mq qθ = : Degree of overlap. 
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( ) mass of activated carbon% 100
mass of the precursor

R = ×                 (1) 

 The ash content of the carbon is determined according to the ASTM method 
(American Standards Technology Method) [24]. The carbon samples are cal-
cined at 650˚C in a muffle furnace for 7 hours. The ash rate is given by the 
following relation (2):  

( ) 2 0

1 0

% 100
m m

C
m m

−
= ×

−
                       (2) 

m0: mass of the dry and empty crucible; 
m1: mass of the assembly (crucible and activated carbon); 
m2: crucible mass after cooling containing the ash. 

 To determine the iodine value, we used a method which is an adaptation of 
the CEFIC 1989 method and the AWWA B600-76 standard applied by Ous-
maila et al. [25]. Thus, a mass m = 0.2 g of activated carbon is placed in a 100 
ml beaker. 20 mL of a 0.02 N solution of I2 are added to the pipette, and then 
stirred for 4 to 5 min. After filtering the mixture on filter paper, 10 mL of the 
filtrate are removed and dosed with a 0.1 N sodium thiosulfate solution in the 
presence of two drops of starch paste until the solution is completely disco-
loured and iodine index (

2IQ ) is determined from the following Formula (3):  

2
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Vn: volume of sodium thiosulfate poured at the equivalence (mL); 
Cn: concentration of sodium thiosulfate (mol/L); 
C0: initial concentration of I2; 

2IV : Volume of I2 dosed; 

2IM  Molar mass of iodine (253.81 g/mol); 
Vabs: adsorption volume (20 mL); 
MAC: mass of activated carbon (g). 

2.3. Adsorption Experiences 
2.3.1. Adsorbent Used 
Activated carbon with the best physicochemical properties has been used for the 
removal of metal ions (Pb2+) in aqueous solution.  

2.3.2. Preparation of the Mother Solution of the Adsorbate 
Lead nitrate II Pb(NO3)2 with a molar mass of 331.2 g/mol produced in the form 
of a white powder used in this study is characterized by a purity of 99.5% (Merck 
product). It was bought with a chemical sales company in Abidjan. All the series 
of lead(II) solution of well-defined concentration (10 mg/L - 500 mg/L) are ob-
tained by dilution with distilled water of the mother solution of 1000 mg/L in 
lead element (i.e. 4.036 g Pb(NO3)2 in 1000 mL of distilled water). The nitrate 
ions are chosen for their low capacity complexing with respect to many cations. 
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The solutions of the metal cation of various experiments carried out are pre-
pared with 65% nitric acid in order to allow good solubility.  

2.3.3. Metering Method and Apparatus 
All the adsorption tests were carried out in batch mode by putting 50 mL of lead(II) 
solution in 250 mL Erlenmeyer flasks. These suspensions are placed under con-
stant stirring of 350 rpm at room temperature of the room (27˚C). After the time 
considered, the suspensions are filtered on whatman 44 filter paper. The residual 
concentration of lead(II) element in the filtered solution is determined using a 
Varian SpectrAA 110 brand Atomic Absorption Spectrometer at length. 261.42 
nm wave. 

The effects of the contact time, the dose of activated carbon, the pH of the so-
lution, the concentration of Pb2+ ion and the temperature (27˚C - 75˚C) were 
studied by adsorption of Pb2+; then:  
• to study the effect of the mass of carbon, the lead(II) solution at 100 mg/L is 

brought into contact for 120 min, with different masses of carbon (0.1; 0.25; 
0.5; 1 and 2 g); 

• with regard to the adsorption kinetics and the effect of the initial concentra-
tion of the solution, the kinetic tests were carried out for 5 min to 180 min, 
by mixing volumes of 50 mL of lead(II) solution with different concentra-
tions (50, 100, 300 and 500 mg/L) with 0.5 g of activated carbon; 

• in order to examine the influence of the pH of the solution on the adsorption 
capacity, 0.5 g of carbon is stirred with 50 mL of lead(II) solution at 300 
mg/L. The pH of the solutions was adjusted to the following values (2, 4, 5, 6, 
7, 9 and 11) at the start of the experiment with solutions of sulfuric acid or 
sodium hydroxide (0.1N). The evolution of the adsorption being controlled 
as a function of the equilibrium time; 

• To study the effect of temperature on the adsorption of lead(II) ions, the ex-
periments were carried out by adding the mass of 0.5 g of carbon to 50 mL of 
the metallic solution of lead(II) at different concentrations. Initials, at tem-
peratures varying between 27˚C and 75˚C; 

• For the adsorption isotherm, 0.5 g of carbon is added to various lead(II) solu-
tions at different concentrations (20, 40, 60, 80, 100, 200 and 300 mg/L) and 
stirred for the time of balance. 

In all cases, the adsorption capacity qt (mg/g) or qe and the elimination rate 
TA (%) of the lead element (II) are calculated respectively by the relations (4) 
and (5): 

( )0 r
t

C C V
q

m
− ⋅

=                          (4) 

( ) 0

0

% 100rC C
TA

C
⋅
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=                       (5) 

with: 
V = volume of lead solution (L); 
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C0 = initial concentration of the solution (mg/L); 
Cr = residual concentration of the solution (mg/L); 
m = mass of activated carbon used (g). 

2.3.4. Adsorption Isotherms and Kinetic Models 
The application of adsorption isotherms is very useful for describing the interac-
tion between the adsorbent and the adsorbent. There are several models for 
analyzing experimental adsorption equilibrium data. In this study, six two-para- 
meter models (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R), Ki-
selev and Fowler-Guggenheim models) were applie Kinetic models such as 
pseudo-first order, pseudo-second order, intraparticle, Boyd and Elovich diffusion 
models [26] [27] were used to understand the kinetics of adsorption. Table 2 
and Table 3 present the equations and parameters of these adsorption isotherms 
and these kinetic models. The experimental results were evaluated by simple 
plots of the linear forms of the two-parameter equations, with which it is possi-
ble to calculate the values of the adsorption parameters. For our study, the cor-
relation coefficient R2 was used to assess the validity of the theoretical isotherms. 
Indeed, the correlation coefficient of the straight line of a model close to unity 
reflects the applicability of this model to the adsorption of the adsorbate on the 
adsorbent. 

2.3.5. Thermodynamic Study 
The thermodynamics of lead(II) adsorption on CAA carbon is studied through 
the calculation of thermodynamic parameters such as standard free enthalpy 
(ΔG°), standard enthalpy (ΔH°) and standard entropy (ΔS°) of the experiment 
using the following Equations (6) and (7): 

G H T S∆ ° = ∆ °− ∆ °                          (6) 

ln LG RT K∆ ° = −                           (7) 

By replacing ΔG° of relation (6) in (7) we obtain Equation (8): 
 

Table 3. Kinetic adsorption models. 

Kinetics model Equation Linear form Curve 

Pseudo-first order ( )1d dt e tq t k q q= −  ( ) 1ln lne t eq q q k t− = −  ( ) ( )ln e tq q f t− =  
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d
d

t
e t

q k q q
t
= −  2
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t e e

t t
q k q q
= +  ( )tt q f t=  

intraparticle diffusion - 0,5
t diq k t C= +  ( )0,5

tq f t=  

Model of Boyd ( )2

61 exp tF B  = − −  π  
 ( )0.4977 ln 1tB F= − − −  ( )tB f t=  

Model of Elovich - ( )1 1ln lntq tα β
β β

= ⋅ +  ( )lntq f t=  

with: qe and qt: The adsorption capacities respectively at equilibrium and at time t; k1 and k2: respectively the speed constants of the pseudo-first order and 
the pseudo-second order; α: the initial adsorption rate; β: Constant linked to the extent of surface coverage; kdi: The intraparticle diffusion rate; C: Constant 
indicating the thickness of the boundary layer; t eF q q=  fraction of the solute adsorbed at time t. 
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1ln L
S HK
R R T
∆ ° ∆ °   = − ⋅   

   
                      (8) 

The plotting of the lnKL curve as a function of 1
T

 allows the estimation of  

the thermodynamic parameters. 

2.3.6. Treatment of Industrial Effluent on Activated Carbon 
Adsorption tests on activated carbon of the lead element contained in the indus-
trial effluent are carried out. Among the experimental conditions retained: the 
quantities of activated carbon used are: 0.5 g; 1 g; 1.5 g and 2 g for 50 mL of pol-
luted water solution. The contact times are 120 min and 1440 min (24 h). The 
samples are adjusted to the pH level to have the optimum adsorption pH of the 
metallic element. The tests are carried out in batch mode on the effluent in the 
presence of activated carbon and the concentrations before and after treatment 
are measured by an atomic absorption spectrometer in order to determine the 
residual concentration and the rate of reduction. 

3. Results and Discussion 
3.1. Characterization of Activated Carbon  

The different characteristics of the carbon studied are summarized in Table 4. 
These characteristics make it possible to assess the adsorbing power of the car-
bon. Indeed, a material will be even more adsorbent that it has a low ash rate, 
high surface functions and a large specific surface [20]. The results show that  
 
Table 4. Characteristics of different activated carbon. 

Parameters 
 Values  

CAA CAB CAS 

Yield (%) 41.81 26.25 48.87 

Ash rate 5 14.9 6.6 

Iodine index 304.57 190.35 380.71 

pHpzc 4.8 8.4 6.8 

Textural properties    

SBET (m2/g) 561.60 265.00 395.40 

Cumulative pore volume (cm3/g) 0.26 0.13 0.20 

Pore width (A°) 11.26 11.76 11.78 

Surface functions    

Acid groups (méq·g−1) 1.85 0.35 0.80 

Carboxylic 0.75 - - 

Phenol 0.40 0.35 - 

lactone 0.70 - 0.80 

Basic groups (méq·g−1) 0.18 1.18 0.69 
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these characteristics vary from sample to sample. However, CAA has the lowest 
center rate, the largest pore volume and therefore the largest specific surface, the 
highest amount of acid group and therefore favourable for the adsorption of ca-
tions. In fact, the results of the Boehm titration show that most of the acid func-
tional groups are carboxylic, followed by the laconic and phenolic groups on this 
carbon. The total number of basic surface sites is less than the total number of 
acidic surface sites. This agrees with pHPZC, which is also acidic. These results 
show that the characteristics of the carbon prepared depend on the nature of the 
oxidizing chemical agent. CAA carbon with good physicochemical characteris-
tics was chosen to carry out the adsorption tests in order to assess its real ad-
sorption capacity. The metallic solutions used are on the one hand synthetic so-
lutions containing lead(II), and on the other hand a real solution containing 
several metallic trace elements including lead. 

3.2. Adsorption of Metal Ions on Activated Carbon 
3.2.1. Effect of Carbon Mass 
As shown in Figure 1, the increase in CAA significantly affects the removal of 
the Pb2+ cation. In other words, the amount of Pb2+ adsorbed increases with the 
amount of CAA. With the increase in the dose of adsorbent from 0.1 to 2 g (i.e. 2 
to 40 g/L), the percentage of removal of Pb2+ increased from 70% to 80%. Fur-
thermore, the maximum retention is already obtained for a mass of 0.5 g of acti-
vated carbon (10 g/L). Beyond this mass, there is stability in the rate of reduction 
which could be explained by the saturation of the carbon. This quantity of mass 
necessary to fix the maximum of metal ions Pb2+, which will be retained for the 
rest of our work as optimal mass. This improvement in the retention rate of 
metal ions in the mass of activated carbon increases is mainly due to an increase 
in the number of active adsorption sites within the CAA. In fact, if the mass of 
activated carbon in the solution is large, the number of sites will also be. Conse-
quently, the probability of interaction (solute-site) also increases. This same 
trend has been reported by Bendaho et al. [28]. 
 

 
Figure 1. Influence curve of the mass of CAA on the adsorption of the 
Pb2+ ion. 
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3.2.2. Effect of Contact Time and Initial Concentration of the Solution 
The effect of the contact time on the adsorption of Pb2+ on the CAA was carried 
out at 27˚C at different initial concentrations of Pb2+ (Figure 2). Adsorption is 
shown to increase rapidly and is followed by a step without significant variation 
in adsorption. The rapid adsorption at the initial stage may be due to the occu-
pation of active centers of CAA, thus providing many active sites easily accessi-
ble to Pb2+ ions. By increasing the time and the concentration, the availability of 
the remaining active sites decreases, thus leading to a long time to reach equili-
brium [29]. This is explained by the fact that most of the vacant sites will be 
quickly occupied by Pb2+ cations, but the few remaining sites will be gradually 
occupied due to the high concentration of Pb2+ and the overflow of available 
sites. In solution, at low concentration of Pb2+ 50 - 100 mg/L, equilibrium is ob-
tained after 30 min, while at high concentration (300 - 500 mg/L), a longer equi-
librium time of 90 min. In addition, the overall retention is comparable for the 
four concentrations with a yield which increases when the concentration in-
creases with orders of magnitude of 48%, 61%, 81% respectively for the concen-
trations of 50, 100, and 300 mg/L excepted when the initial concentration is 500 
mg/L corresponding to a yield of 64%. Furthermore, the increase in the initial 
concentration of Pb2+ leads to an increase in the adsorption capacity, which sug-
gests that the increase in the concentration of lead(II) ions promotes mass 
transfer from the aqueous phase to the phase solid. Similar observations were 
made by Murat et al. [30]. Thus, the adsorption at equilibrium increased from 
2.4 to 32 mg·g−1 with an increase in the initial concentration from 50 to 500 
mg/L. For our study, 81% is the maximum retention rate, corresponding to an 
equilibrium time of 90 min and an initial concentration of 300 mg/L. This 90 
min duration could have been used as equilibrium time, but 120 min duration 
was used to allow maximum adsorption of the carbon for the study of the ad-
sorption isotherms. 
 

 
Figure 2. Equilibrium time and influence of the initial concentration of Pb (II) 
ions. 
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3.2.3. Effect of the pH of the Initial Solution 
The initial pH of the aqueous solution remains one of the most important fac-
tors in determining the adsorption properties of the absorbent. The removal of 
metal ions by adsorption depends greatly on the pH of the solution [31] [32]. 
Thus, the effect of the pH of the starting solution on the adsorption of Pb2+ was 
studied between 2 and 11 at room temperature (27˚C), a contact time of 120 mi-
nutes and a Pb2+ concentration of 300 mg·L−1. Figure 3 shows the initial effect of 
the pH of the adsorption of Pb2+ by the CAA. It shows that the initial concentra-
tion of Pb2+ increases to 146.06 mg/L (pH = 2) to 43.19 mg/L (pH = 5) and then 
rises to 130.60 mg/L (pH = 11). Thus, the percentage of adsorption increases 
(43.19% to 85.90%) with the increase in pH from 2 to 5 and decreases (85.90% to 
56.46%) when the pH drops from 5 to 11. In Indeed, according to Table 2, the 
pHPZC value of CAA is approximately 4.8. This indicates that when the pH of the 
solution is above 4.8; the surface of CAA will have a net negative charge there-
fore will tend to attract more Pb2+ ions., while at a pH lower than 4.8, the surface 
of CAA will have a positive charge therefore will tend to repel Pb2+ ions [33].   

The low abatement rates observed between 2 ≤ pH < 4.8 could also be ex-
plained by the competitive effect between the H+ and Pb2+ cations which com-
pete for the negative adsorption sites existing on the carbon surface. The surface 
of the adsorbent being positively charged due to the H+ already adsorbed will 
tend to repel Pb2+ ions. On the other hand, a remarkable capacity for eliminating 
Pb2+ was observed when the pH was increased from 5 to 11. This decrease in ad-
sorption in the basic medium could be explained by a change of phase of the ion 
lead(II) by the formation of lead complexes such as Pb(OH)2 and insoluble forms 
since the pH of the addition of NaOH controlled the medium, thus increasing 
the concentration of OH− in the medium [34]. The decrease in the adsorption of 
Pb2+ at alkaline pH could be due to the neutralization of the acid sites present in 
the activated carbon by hydroxyl ions OH−. A similar trend has been reported by 
Madhava et al. [35] when removing Pb and Zn on activated carbon. In total, the 
removal of lead(II) could therefore be done either by electrostatic interactions, 
 

 
Figure 3. Residual concentration of lead(II) as a function of the initial pH of the solution 
for an initial concentration of 300 mg/L. 
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by complexation or by ion exchange. Since the alkaline conditions accelerate the 
formation of hydroxyl complexes resulting in poor adsorption of Pb2+ by CAA, 
the pH = 5 seems to be the best for the adsorption of Pb2+ by CAA in the context 
of our study. 

3.2.4. Adsorption Isotherms 
The adsorption isotherm indicates that the adsorbate molecules are shared be-
tween the adsorbent and the liquid phase at equilibrium as a function of the ad-
sorbate concentration. In this study, the equilibrium data obtained for the ad-
sorption of lead(II) ions on the CAA were analyzed by considering the isother-
mal model of Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, Fowler- 
Guggenheim and Kiselev. The linear forms of the different isotherms are described 
by the equations in Table 2. 
• Langmuir isotherm 

The linear form of the Langmuir isotherm equation is given in Table 2. The  

two parameters KL and qm are determined from a graph 1

eq
 as a function of 

1

eC
 (Figure 4(a)). The Langmuir isotherm is frequently evaluated by a separa-

tion factor, RL, which is defined by: 
0

1
1L

L

R
K C

=
+

 where C0 is the initial solute  

concentration. Depending on the RL value, the adsorption is said to be: favorable 
if 0 < RL < 1; unfavorable if RL > 1; linear if RL = 1 and irreversible if RL = 0. [36]. 
According to the data calculated and presented in Table 5, RL is greater than 0 
but less than 1, which indicates that the Langmuir isotherm is favorable. Based 
on this research, the maximum single-layer coverage capacity (Qm) of the 
Langmuir model was established at 74.07 mg/g, KL at 0.0356 L/mg, RL (separa-
tion factor) at 0.412, which indicates that the sorption equilibrium is favorable 
and the value of R2 is equal to 0.96, which proves that the sorption data corres-
pond well to the Langmuir model.  

In addition, the value of the adsorption capacity from this acacia wood ob-
tained in the context of our study is high compared to other adsorbent raw ma-
terials found in the literature (Table 6), thus showing that our CAA carbon is 
effective in removing Lead(II) ions from water. 

According to Langmuir’s model, adsorption is carried out on a homogeneous 
energy surface by the formation of monolayer without any interaction between 
the adsorbed species. However it gives no information on the heterogeneity of 
the adsorbent. Let’s check through Freundlich model if adsorption also occurs 
on heterogeneous surfaces. 
• Freundlich isotherm 

This isotherm is commonly used to describe the adsorption characteristics of 
the heterogeneous surface [50]. These data often correspond to the empirical equ-
ation proposed by Freundlich in Table 2 with nF, an indicator of adsorption inten-
sity. The Freundlich isotherm is obtained by plotting the linearized equation 
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Figure 4. Isothermal models of Langmuir (a), Freundlich (b), Temkin (c), Dubinin-Radush- 
kevich (d), Fowler-Guggenheim (e) and Kiselev (f) for the elimination of Pb2+ using CAA 
carbon. 
 

( ) ( )ln lne eq f C=  (Figure 4(b)). The linearly transformed equation was ap-
plied to correlate the sorption data where 1/n is a heterogeneity parameter, the 
smaller 1/n, the greater the expected heterogeneity. This expression is reduced to 
a linear adsorption isotherm when 1/n = 1. If n is between one and ten, this in-
dicates a favourable sorption process [51]. According to the data in Table 5, this 
value of 1/n = 0.7456 while n = 1.33 indicates that the sorption of Pb2+ on CAA is  
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Table 5. Pb2+ adsorption parameters on CAA according to Langmuir models, Freundlich, 
Temkin, Dubinin-Radushkevich, Fowler-Guggenheim and Kiselev. 

Equilibrium model Parameters Values 

Isotherm of Langmuir qm (mg/g) 74.07 

 KL (L/mg) 0.0356 

 RL 0.085 - 0.412 

 R2 0.963 

Isotherm of Freundlich KF (L/g) 2.501 

 n 1.33 

 R2 0.992 

Isotherm of Temkin AT (L/mg) 0.835 

 B 0.1223 

 ΔQ (kJ/mol) 20.394 

 R2 0.988 

Isotherm of Dubinin-Radushkevich qs (mg/g) 20.54 

 β (mol2·kJ−2) 10−6 

 E (kJ·mol−1) 0.707 

 R2 0.883 

Isotherm of Fowler-Guggenheim KFG (L/mg) 0.040 

 W (kJ·mol−1) 1.217 

 R2 0.409 

Isotherm of Kiselev K1 0.0346 

 Kn 0.213 

 R2 0.955 

 
favourable and that the value of R2 is 0.99. The Langmuir and Freundlich iso-
therms do not consider the energy aspect during adsorption, the Temkin model 
is used to obtain information on the variation of the adsorption energy.  
• Temkin isotherm 

The Temkin isotherm considers the fact that the heat of adsorption of all the 
molecules of the cover layer decreases linearly with the cover due to the decrease 
in adsorbent-adsorbate interactions. Adsorption is characterized by a uniform 
distribution of the binding energies at the surface. The linear form of the Temkin 
isothermal model is given by the equation of Table 2. The plot of ( )lne eq f C=   

(Figure 4(c)) allows to determine m
T

q RT
B

Q
=

∆
, then by introducing a value of  

qm (for example from the Langmuir application) calculates the variation in ad-
sorption energy ΔQ. In Table 5, the correlation coefficient (R2) obtained is close  
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Table 6. Comparative results of the adsorption capacity of various adsorbents of lead(II) 
ions. 

Origin of activated carbon 

 
Adsorption 
conditions 

 
Adsorption 

capacity 
(mg/g) Réf 

pH t (˚C) 
Adsorbent 

dosage (g/L) 
 

Peanut shell 6.0 20 0.6 113.96 [37] 

Coconut shell 5.6 25 2.0 76.66 [38] 

Acacia auriculeaformis 5.0 27 10.0 74.07 Our study 

Bamboo carbon 5.0 29 1.0 53.76 [39] 

Polypyrrole 5.5 23 5.0 50.00 [40] 

Sugar beet pulp 5.3 25 8.0 43.50 [41] 

Moringa oleifera 6 25 - 38.52 [42] 

Soy hull 5.0 23 10.0 39.37 [43] 

Coconut shell Norit 1240 4.0 25 5.0 39.06 [44] 

Date core 5.2 25 4.0 30.70 [45] 

Juniperus Procera 4.6 25 8.0 30.30 [46] 

Pine cone 6.7 25 2.0 27.53 [2] 

Apricot stone 6.5 25 10.0 22.85 [47] 

Apricot stone 6.0 20 1.0 21.38 [48] 

Hazelnut shell 5.7 18 12.0 13.05 [49] 

 
to 1; thus, showing that the Temkin model is applicable. The variation of the 
adsorption energy ΔQ resulting from the linearization of the Temkin model is 
positive (20.394 kJ/mol) which implies that the adsorption reaction is exother-
mic. Similar values of the adsorption energy have been reported by Oualid et al. 
[52] during the copper (II) adsorption study. The Temkin isotherm does not de-
termine the nature of the adsorption, so the Dubinin and Radushkevich iso-
therm is used. 
• Isotherm of Dubinin-Radushkevich 

The Dubinin-Radushkevich isotherm (D-R) is applied to determine the nature of 
the adsorption mechanism based on the theory of potential assuming that the sur-
face of the adsorbent is heterogeneous. The isotherm of D-R is given by the equa-  

tion of Table 2 with: the Polanyi potential given by the relation 1ln 1
eC

ε
 

= + 
 

.  

The linear form makes it possible to trace the curve ( )2ln eq f ε=  (Figure 4(d)) 
and to determine β then calculate the average energy of adsorption E (kJ·mol−1) 
by using the equation:   

1
2

E
β

=  
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E < 8 kJ·mol−1: physisorption dominates the sorption mechanism; 
8 < E < 16 kJ·mol−1: ion exchange is the dominant factor; 
E > 16 kJ·mol−1: sorption is dominated by intra-particle scattering. 
In Table 5 the value found of the free energy E to estimate the type of Pb2+ 

adsorption process is 0.707 kJ·mol−1. This value belongs to the energy interval 
when physisorption dominates (E < 8 kJ·mol−1). However, the regression coeffi-
cient is far from unity (0.883) so this model is not applicable. In order to assess 
the interaction energies between adsorbed molecules, the Fowler-Guggenheim 
isotherm was applied.  
• Fowler-Guggenheim isotherm 

The Fowler-Guggenheim model is based on statistical thermodynamics and 
takes into account the interactions between adsorbed molecules. The molecules 
adsorbed on the nearest neighboring sites have an interaction energy equal to 
2W/Z with Z the number of lateral coordinates, that is to say the number of 
nearest neighbours.  

If W > 0, the adsorbed molecules repel each other. 
If W < 0, the adsorbed molecules attract each other. 

By representing the curve 
( )

ln e m e e

e m

C q q q
f

q q
 −  

=   
  

, the slope leads to  

2W/RT and the intercept at –lnKFG. The experimental results of the Pb2+ adsorp-
tion isotherms modelled by the Fowler-Guggenheim equation are represented by 
Figure 4(e) and the parameters recorded in Table 5. The interaction energy 
value W = 1.217 kJ·mol−1 > 0 stipulates that the adsorbed Pb2+ cations repel each 
other. However, this result cannot be taken into account because the regression 
coefficient is low: 0.409. This model is limited to the interactions taking place 
between the adsorbed molecules but does not provide information on the for-
mation of a possible complex between the adsorbed molecules. Let’s check if 
there is complex formation through the Kiselev model. 
• Kiselev isotherm 

The Kiselev model leads to the determination of a complex formation constant 
which supposes adsorption in a monomolecular layer according to the equation in 
Table 2. The graphic representation of the linear form  

( )
m m

m e e e

q q
f

q q C q
 

=  −  
, allows to deduce K and Kn. The experimental results of  

the isothermal adsorption equilibria of the Pb2+ cation on the CAA modelled by 
the Kiselev equation are grouped in Figure 4(f) and in Table 5. This model ap-
plies fairly well to the adsorption of the Pb2+ cation about correlation coefficients 
equal 0.955. This implies that there is formation of complexes between the cations 
adsorbed on the surface of the activated carbon. These results confirm once again 
the high rate of metal cation abatement in alkaline media when studying the effect 
of pH on adsorption. By way of illustration, the formation of Pb complex is 
moreover observable on the surface of the CAA charcoal through the SEM pic-
tures of Figure 5. 
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Figure 5. Morphology of CAA carbon before and after adsorption of Pb(II). (a) Before 
adsorption of Pb(II); (b) After adsorption of Pb(II). 

3.2.5. Effect of Temperature and Determination of Thermodynamic  
Quantities  

The effect of temperature on the adsorption of Pb2+ was carried out at tempera-
tures ranging from 27˚C to 75˚C in 50 mL of Pb2+ solutions of different concen-
trations from 40 to 300 mg·L−1. The equilibrium contact time for adsorption is 
fixed at 120 minutes. It is observed that the amount of Pb2+ adsorbed decreases 
by increasing the temperature from 27˚C to 75˚C (Figure 6), indicating that the 
reaction is exothermic. The thermodynamic parameters ΔG°, ΔH° and ΔS° are 
determined from Equations (5), (6) and (7) and the plot of lnKL as a function of 
1/T (Figure 7) Where, KL is the constant of Langmuir equilibrium (L·mg−1) at 
each temperature multiplied by the density of water (106 mg·L−1) according to 
Dos Santos et al. [53] and T the absolute temperature. The values of the parame-
ters ΔG° (kJ·mol−1), ΔS° (kJ·mol−1·K−1) and ΔH° (kJ·mol−1) are summarized in 
Table 7. The negative value of ΔG°, suggests that the process of adsorption of 
Pb2+ by CAA is spontaneous. The negative value of ΔH° indicates the exothermic 
nature of the adsorption process according to Chouchane et al. [54] and Emna et 
al. [55] and shows that the transfer of Pb2+ ions from the aqueous phase to the 
solid phase releases energy. Retention is ordered at the solid/liquid interface 
during adsorption due to the negative value of ΔS°. Furthermore, the standard 
enthalpy value (of the order of −51 kJ·mol−1 less than −40 kJ·mol−1) during the 
adsorption of the Pb2+ ion indicates that chemisorption is involved in this ad-
sorption process according to Kumar et al. [23]. 

3.2.6. Kinetic Adsorption  
The kinetic study of the experimental data allows a description of the fixing me-
chanisms and provides information relating to the mode of transfer of solutes 
from the liquid phase to the solid phase. Like the adsorption equilibria, the ad-
sorption kinetics of a material can also be modelled. For this purpose, the litera-
ture reports a certain number of models which are quite used, among which ap-
pear the models of pseudo-first order and pseudo-second order, the model of 
Elovich, the model of intraparticle diffusion and the model of Boyd [56]. In or-
der to understand the nature of the Pb2+ adsorption phenomenon on CAA in the 
framework of our study, the mathematical equations describing the kinetic  
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Figure 6. Effect of temperature on the elimination of 
Pb2+ for initial concentration C0 = 300 mg/L. 

 

 
Figure 7. Plot of lnKL curves as a function of 1/T for the estimation 
of thermodynamic parameters. 

 
Table 7. Thermodynamic parameters of Pb2+ adsorption on CAA. 

T (K) lnKL ΔS° (kJ·mol−1·K−1) ΔH° (kJ·mol−1) ΔG° (kJ·mol−1) 

300 10.4822484   −27.884 

303 9.92739524 −0.078 −51.502 −26.073 

333 9.25491058   −25.286 

348 7.5315351   −24.105 

 
models (Table 3) were used to adjust the experimental data. Figure 8 presents 
the linear plot of the intraparticle diffusion and pseudo-first order, pseudo-second 
order, Elovich and Boyd equations. The calculated kinetic constants of all the 
applied models are indicated in Table 8. On the one hand, about the values of 
the correlation coefficient, it is clear that the adsorption of Pb2+ on the CAA fol-
lows the pseudo-second-order model. This adsorption reaction therefore de-
pends on the concentrations of the adsorbent and the adsorbate. On the other 
hand, the study reveals that the intraparticle diffusion model is involved in the 
adsorption process. However it does not correspond alone to the limiting stage 
of the reaction of adsorption of Pb(II) by CAA. It is also limited by extra-particulate 
transport because the straight lines obtained during the plot of Bt as a function of 
time for different initial concentrations of lead(II) illustrated in Figure 8(e) do 
not pass through the origin. 
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Figure 8. Kinetic models of pseudo-first order (a), pseudo-second order (b), Elovich (c), 
intraparticle diffusion (d) and Boyd (e) applied to the adsorption of Pb2+ on CAA. 

3.2.7. Application to the Elimination of Pb2+ Ions in Real Wastewater 
The tests are aimed at determining the mass of activated carbon and the contact 
time required to remove a maximum amount of Pb2+ ions in real wastewater. 
The results are shown in Figure 9. The residual concentration of Pb2+ ions de-
creases with increasing mass of activated carbon regardless of the contact time. 
For a contact time of 120 min, the residual concentration decreases from 4.40 to 
2.61 mg/L, i.e. a maximum reduction rate of 40.52%. As for the contact time of 
1440 min (24 h), the residual concentration fluctuates when the mass of coal in-
creases and the maximum reduction rate recorded is 29.20%. These results show 
that the amount of lead eliminated, although it depends on the amount of AC 
involved, also depends on the contact time. The more the mass of AC increases  
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Figure 9. Residual concentration of the lead element in wastewater as a function of the 
mass of AC for a contact time of 120 min and 1440 min. 
 

Table 8. Kinetic parameters for the adsorption of Pb2+ on CAA. 

 pseudo-first order model pseudo-second order model 

C0 (mg/L) qe (exp) k1 (min−1) qe (cal) (mg/g) Δq R2 k2 (g·mg−1·min−1) qe (cal) (mg/g) Δq R2 

50 2.37 0.0258 0.59 1.78 0.9884 0.1167 2.46 0.09 0.9996 

100 6.09 0.0706 0.77 5.3 0.9728 0.0223 6.22 0.13 0.9999 

300 24.18 0.0244 5.2 18.98 0.8854 0.0143 24.69 0.51 0.9997 

500 31.73 0.0116 9.4 23.33 0.9265 0.0037 34.12 2.39 0.9952 

 

  Intraparticle diffusion model Model of Elovich 

C0 (mg/L) qe (exp) kid (g·mg−1·min−1) C (mg·g−1) R2 α (mg·g−1·min−1) β (g·mg−1) R2 

50 2.37 0.0671 1.7272 0.9776 4964.2183 5.6517 0.9852 

100 6.09 0.0727 5.4751 0.7022 1.2686E+11 4.8947 0.8441 

300 24.18 0.6086 18.139 0.9434 23967.1062 0.6163 0.9660 

500 31.73 1.2256 18.806 0.9464 89.7483 0.2976 0.8942 

 
and the shorter the contact time, the more important the elimination of lead by 
AC becomes. The maximum value of the rate of elimination of the Pb2+ cation 
recorded in the industrial effluent (40.52%) is moderately significant to judge the 
efficiency of our coal about the reduction rate reaching around 86% in the case 
of synthetic solutions. This difference could be justified by a possible competi-
tion between several pollutants contained in real wastewater. Among these pol-
lutants could be found several other metal cations, nitrites, nitrates, phosphates, 
sulphates, and certain organic materials. In addition, the difference in the max-
imum elimination rate observed between the case of the contact time of 120 min 
and that of 1440 min, could be explained by desorption when the contact time 
becomes too long. 
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4. Conclusion 

In this study, three activated carbons were synthesized from Acacia auriculea-
formis carbon produced in Côte d’Ivoire. The CAA, CAB and CAS coals were 
obtained by activation with three oxidizing agents respectively H3PO4, NaOH 
and NaCl. The physical properties determined by adsorption/desorption of N2, 
SEM analysis and chemical properties such as the Boehm titration of activated 
carbons show that they have functionalized surfaces and have good microporos-
ity. A comparative study of the characteristics of these different coals has shown 
that CAA carbon is suitable for the elimination of metal cations and in particular 
Pb2+ ion studied. Data from Pb2+ adsorption equilibrium study performed on the 
CAA showed that the simulated adsorption isotherms are correctly described by 
Langmuir, Freundlich, Temkin and Kiselev models. Thus, the ultimate adsorp-
tion capacity reached is 74.04 mg/g on the surface of the supposedly heteroge-
neous adsorbent. The adsorption reaction is exothermic with possible formation 
of a complex between the metal cations on the surface of the activated carbon. 
According to a kinetic study, it has been observed that adsorption corresponds 
well to the kinetic model of pseudo-second order reflecting a chemical adsorp-
tion dominated by the formation of a covalent bond between the adsorbate. As 
for the mechanism, intraparticle diffusion is not the only process limiting the 
adsorption reaction; extra-granular diffusion is involved. Thermodynamic data 
reveals that the adsorption reaction is spontaneous, exothermic, and retention is 
ordered at the solid/liquid interface. Furthermore, the value of the standard en-
thalpy (of the order of −51 kJ·mol−1 less than −40 kJ·mol−1) during the adsorp-
tion of the Pb2+ ion indicates that chemisorption is involved in this adsorption 
process. Acacia auriculeaformis carbon activated with phosphoric acid has been 
shown to be a carrier with a generally high adsorption affinity for the cation 
Pb2+. Indeed, this adsorbent material has contributed to average retention of the 
ions contained in an industrial effluent with a reduction rate reaching 42.52% 
against 85.90% in synthetic solutions. The abundance of Acacia auriculeaformis 
wood generated by the forests of the CNRA (Centre National de Recherche 
Agronomique, Côte d’Ivoire), can offer a low-cost adsorption material that can 
possibly contribute to the treatment of metalliferous effluents. 
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