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Abstract
In this research, Pb (II), Co (II), and Ni (II) toxic heavy metal ions adsorption from synthetic aqueous system have been 
studied using the activated carbon prepared from Citrus limetta leaves. Therefore, the relationship between the adsorption 
parameters (solution pH, dosage of adsorbent, temperature, initial concentration of the ions, and adsorption time) and the 
removal percentage of the prepared adsorbent have been investigated. Additionally, the adsorbent was analyzed through 
BET, SEM, EDX, FTIR, and XRD analyses. According to the results, the maximal adsorption efficiencies for heavy metal 
ions were achieved in pH = 6, the adsorbent dosage of 1 g/L, temperature = 25 °C, the ion initial concentration of 5 mg/L, 
and contact time of 60 min, which were 99.53%, 98.63%, and 97.54% for Pb, Co, and Ni ions, respectively. Based on Kinetic 
studies, the performance of pseudo-second-order kinetic model was better than pseudo-first-order model for the description 
of time-dependent behavior of the process. Additionally, the equilibrium data were fitted by Langmuir and Freundlich iso-
therms, while the former performed better than the latter. The maximum adsorption capacity values for Pb, Co, and Ni ions 
were achieved equal to 69.82, 60.60, 58.139 mg/g, respectively. Considering the thermodynamic data, the studied processes 
were exothermic and spontaneous.
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Abbreviations
Ci	� Initial concentration of metal ions (mg/L)
Ce	� Equilibrium concentration of metal ions (mg/L)
K1	� Pseudo-first-order model rate constant (1/min)
K2	� Pseudo-second-order kinetic rate constant (g.mg−1.

g−1)
Ke	� Adsorption equilibrium constant
Kf	� Freundlich model constant (L/mg)
KL	� Adsorption energy (L/mg)
n	� Freundlich model constant
qe	� Equilibrium capacity (mg/g)
qmax	� Maximum adsorption capacity (mg/g)

qt	� The value of the adsorbed ion per gram of adsor-
bent at time t (mg/g)

R	� Universal gas constant (J/mol⋅k)
%R	� Adsorption efficiency
RL	� Adsorption intensity
T	� Absolute temperature (K)
t	� Time (minutes)
V	� Volume of solution (L)
W	� Adsorbent mass (g)
ΔG°	� Gibbs free energy (kJ/mol)
ΔH°	� Enthalpy (kJ/mol)
ΔS°	� Entropy (J/mol.K)

1  Introduction

Environment protection and especially the treatment of 
wastewaters are very important issues in scientific and 
industrial societies since the emission of industrial wastes 
have irreparable and fatal impacts on the environment and 
human life by threatening to the ecological balance [1]. 
Among the various pollutants, Heavy metals are consid-
ered as chemicals which are non-biodegradable. Therefore 
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these ions can cause health risks, since they enter the 
human food chain through the adsorption by water and 
soil [2–5]. Lead is one of the toxins which is released 
into the surface waters from various industries produc-
ing batteries, dye and paint, cable, steel, plastic, and oil 
industry [6–8]. The maximum permissible concentration 
of Pb(II) ion in potable water is 0.05 mg/L [9]. Nickel 
is another toxic heavy metal ion that has been emitted 
in the environment as the result of operations like plat-
ing, mining, and battery production [10]. The presence of 
excess Ni(II) ions in drinking water results in higher risks 
of diseases like lung and bone cancer. Acute poisoning 
by nickel is accompanied by headache, nausea, weakness, 
dry coughs, and pain in chest [11]. Cobalt is found in the 
form of various salts in the environment. It has been abun-
dantly used in nuclear medicine and production of glazes, 
semi-conductors, resin stabilizers, paints and polishes, and 
plating industry. Adverse health effects are reported due 
to extreme exposure to high concentrations of Co such 
as hypotension, lung diseases, paralysis, and bone defects 
and also genetic mutations. To minimize the environmen-
tal impacts of heavy metal ions, several techniques have 
been applied to remove them from wastewaters including 
chemical sedimentation, coagulation, membrane method, 
electrolyte reduction, and ion exchange [12–14]. However, 
some of their high operational costs and also their prob-
able low removal efficiencies at trace level concentrations 
of toxic metal ions limited the application of these men-
tioned techniques [15]. Adsorption method has been exten-
sively used for the treatment of wastewaters recently [16]. 
The application of low-cost adsorbents produced from 
agricultural wastes, clays, biomass, and marine products 
has become an important option in the field of wastewater 
treatment [17]. One of the most common and effective 
adsorbents is activated carbon which presents excellent 
porosity and specific surface area [18]. Several researches 
have been performed on the application of these low-
cost adsorbents produced from cheap agricultural wastes 
[19–26]. Citrus limetta tree is abundantly cultivated in 
the south of Iran, which makes it as a proper source of 
activated carbon bioadsorbents.

This study was set out to convert the Citrus limetta 
leaves to useful and value-added activated carbon adsor-
bent to evaluate its adsorption potential for lead, cobalt, 
and nickel ions removal from aqueous solution through the 
variation of some process parameters like solution pH, the 
dosage of adsorbent, temperature, ions initial concentra-
tion, and adsorption time. Additionally, the prepared acti-
vated carbon was characterized using BET, SEM, EDX, 
FTIR, and XRD analyses. The achieved adsorption data 
were analyzed to study the equilibrium, kinetic, and ther-
modynamic of the mentioned ions adsorption.

2 � Materials and methods

2.1 � Chemicals

Sodium hydroxide, hydrochloric acid, lead (II) nitrate 
(Pb(NO3)2), cobalt (II) nitrate (Co(NO3)2), and nickel (II) 
nitrate (Ni(NO3)2) were purchased from Merck Company 
(Germany) with the purity of > 99%. In addition, Pb (II), 
Co (II), and Ni (II) solutions were prepared using double 
distilled water in all of the adsorption experiments.

2.2 � Preparation of stock solution

To prepare the stock solutions 0.16 g of Pb(NO3)2, 0.5 g 
Co(NO3)2, and 0.617 of Ni(NO3)2 were dissolved in double-
distilled water in three separate 100-mL volumetric flasks. 
Thereafter the stock solutions were diluted by distilled water 
to have 5–100 ppm solutions of the ions It is worth noting 
that pH adjustment of the prepared samples was done using 
sodium hydroxide and hydrochloric acid (1 M).

2.3 � Adsorbent preparation and characterization

In the current research, the leaves of Citrus limetta were 
collected from the local gardens of Boushehr province (Iran) 
as the resource of activated carbon. The collected leaves 
were initially washed carefully by distilled water to remove 
dust and other impurities. Then the leaves were dried by and 
oven for 24 h in 100 °C. Afterwards, the dried leaves were 
placed in a nitrogen atmosphere furnace in 700 °C for 3 h 
to convert into activated carbon under nitrogen atmosphere 
in the heating rate of 0–20 °C/min. The carbonized material 
was powdered using an electric grinder and then sieved by 
sieve no. 25 to obtain a powder of uniform particle size. The 
prepared activated carbon powder was stored in tightened 
cap glass bottles for further characterization and adsorption 
experiments.

In the current study, BET (Belsorp, Belsorp mini II, 
Japan), SEM (Tisteam MIRA III, Czech Republic), FTIR 
(Tensor II Bruker, Germany), EDX (Tisteam SAM), and 
XRD (Netherland, X-pert- proma D Panalytical) analyses 
were performed to determine the specific surface are of 
adsorbent, its structure and morphology, the surface func-
tional groups of the adsorbent, elements present in its struc-
ture and their corresponding weight percentages, and the 
adsorbent crystallinity, respectively.

2.4 � Adsorption experimental procedure

As mentioned before, in this research the effects of adsorp-
tion parameters like pH (3–11), dosage of adsorbent 
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(0.25–1.5 g/L), temperature (25–50 °C), metal ions initial 
concentration (5–100 mg/L), and contact time (5–120 min) 
were evaluated for determination of uptake efficiencies of 
Pb(II), Co(II), and Ni(II) ions from the synthetic aqueous 
solutions by the prepared activated carbon from Citrus 
limetta leaves. To attain the significance of solution pH in 
the above-mentioned range, the adsorption experiments 
were conducted in a series of Erlenmeyer flasks containing 
solutions with the following conditions: adsorbent dosage 
of 0.75 g/L, cadmium initial concentration of 40 ppm, the 
temperature of 25 °C, 60 min as the adsorption time, and 
stirring rate of 200 rpm. After the end of each experiment, 
the samples were filtered using Whatman grade 42 filter 
paper and the remained solution was analyzed using flame 
atomic adsorption device (VARIAN, USA) to determine 
the residual cadmium ions in the solution. To achieve the 
optimum values of other parameters, pH should be fixed 
in the prior optimized value while the effect of others were 
investigated in their corresponding ranges. Using Eq. (1), 
the adsorption efficiency (%R) of the ions were calculated:

where, Ci (mg/L), is the initial concentration and Ce (mg/L) 
is the equilibrium concentration of the metal ions.

The equilibrium adsorption capacity (mg/g) was deter-
mined by Eq. (2):

In this equation, V is the volume of solution (L) and W is 
the adsorbent mass (g).

3 � Results and discussion

3.1 � Characterization of the activated carbon

The produced activated carbon adsorbent from Citrus 
limetta leaves was characterized by various techniques. 
BET analysis indicated that specific surface area, the vol-
ume of the pores, and adsorbent cavities average diameter 
were 7.2 m2/g, 0.0168 cm3/g, and 24.8 nm, respectively. The 
adsorption/desorption isotherm curve of the prepared acti-
vated carbon is shown in Fig. 1.

SEM analysis was used to study the pore and surface mor-
phology variations of the prepared activated carbon before 
and after the adsorption of ions. Based on SEM images pre-
sented in Fig. 2a, the prepared adsorbent surface was porous 
with a large number of pores on its surface which makes 
it appropriate for the removal of impurities. Additionally, 
Fig. 2b–d which are the SEM micrographs of the adsorbent 

(1)R (%) =
Ci − Ce

Ci

× 100,

(2)qe =

(

Ci − Ce

)

w
× V .

after the removal of Pb, Co, and Ni ions, show that the 
surface pores were approximately covered as the result of 
adsorption of mentioned ions.

EDX analysis results (Fig. 3 and Table 1) show that ele-
ments including carbon, iron, oxygen, aluminum, phosphor, 
calcium, sulfur, magnesium, silicon, sulphur, and potas-
sium were present in the prepared adsorbent. Additionally, 
after the adsorption of lead, cobalt, and nickel ions, it can 
be observed that these elements appeared in the output of 
EDX analysis, which denotes that these ions were adsorbed 
by the current adsorbent. Additionally, carbon has been one 
of the most main constituents of the activated carbon ana-
lyzed samples. As shown in Table 1, the weight percent-
ages of Pb(II), Co(II), and Ni(II) ions in the activated carbon 
structure were 4.79%, 4.34%, and 10.12%, respectively. This 
means that these ions have been attached to the prepared 
activated carbon active sites through the adsorption process. 
The figures also denote the higher tendency of the adsorbent 
prepared from Citrus limetta leaves to remove nickel ions 
from the aqueous solution in comparison with the other two 
ions. 

FTIR images of the prepared adsorbent before and 
after the adsorption of Pb(II), Co(II), and Ni(II) ions are 
presented in Fig. 4. As it can be observed there are two 
peaks at 872 cm−1 and 711 cm−1 which correspond to S–S 
and S–OR vibrations, that is reported in previous studies 
[27]. The peaks that are appeared in the frequency range of 
1427 cm−1 are related to tension vibrations of C–C func-
tional group which are shifted to 1406, 1407, 1406 cm−1 
after lead, cobalt, nickel adsorption [28, 29]. Addition-
ally, the peaks that are observed in the spectra range of 
1795 cm−1 can be associated with C=O group [30]. There 
is a peak in the frequency range of 1028–1034 cm−1, which 
is related to the deformation of aromatic –CH group [31]. 
Figure 4a shows two peaks at 616 cm−1 and 1110 cm−1 that 
are associated with Mg–O/Al–O and –C–O groups, which 
disappeared after the adsorption of ions [32]. There is also a 
peak at 2081 cm−1 (dicarbonyl) which is appeared after the 
removal of these three ions [33]. Furthermore, the peak at 
the wavenumber of 2325 cm−1 shifted to 2388 cm−1 due to 
the removal of heavy metal ions.

The crystallinity of the prepared activated carbon from 
Citrus limetta leaves was evaluated through XRD analy-
sis and its results are presented in Fig. 5. The peaks that 
are observed in 2θ values of 23°, 31°, and 43.27° can be 
associated to (002) and (001) crystalline phases of graphite 
structure [34]. It is worth noting that according to previous 
researches, the peaks that were appeared in 2θ = 43° can be 
related to (100) and (101) crystalline phases which confirm 
graphite structure of the prepared activated carbon [35, 36]. 
Considering these XRD spectra, it can be concluded that 
the current adsorbent had a crystalline structure and no sig-
nificant changes were seen in the location and intensity of 
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activated carbon structure XRD peaks after the metal ion 
adsorption. Therefore, the adsorbent had retained its crystal-
line structure after the adsorption of lead, cobalt, and nickel 
ions.

3.2 � Effect of solution pH

Solution pH is an effective component in adsorption pro-
cesses [37]. Figure 6 indicates the effects of solution pH 
on heavy metal ions removal efficiency. According to this 
figure, there is a positive correlation between pH and the 
ions uptake efficiencies in the range of 3–6, since lead, 
cobalt, and nickel ions adsorption efficiencies increased 
from 47.56% to 97.84%, 43.78% to 95.62%, and 38.42% 
to 93.43%, respectively. These similar trends can be attrib-
uted to the negative surface charge of adsorbent that maybe 
the probable sites for the adsorption of ions and also high 
concentration H+ ions in the solution in lower pH values. 
There is an intense competition between H+ ions present in 
the aqueous solution and metallic cations (Pb2+, Co2+, and 
Ni2+) for the attachment to the adsorbent active sites in these 

pH values, where the formers overcome the other metallic 
cations by repulsive electrostatic forces between H+ cations 
and metallic ions. The results show that the uptake percent-
ages of the metallic ions decreased after pH = 6. This can 
be attributed to the formation of OH− ions complexes and 
the competition between hydroxide ions and metallic cati-
ons for relocating on the adsorbent active sites [38]. Based 
on the data reported in Fig. 6, pH = 6 can be considered as 
the optimum value for the removal of current metallic ions 
from aqueous solution using the prepared adsorbent from 
Citrus limetta leaves, and the corresponding adsorption effi-
cacies were 97.084%, 95.62%, and 93.43% for Pb, Co, and 
Ni, respectively.

3.3 � Effect of adsorbent dosage

The dosage of adsorbent plays a key role in the adsorp-
tion process since the adsorbent capacity for the removal 
of a definite concentration of an adsorbate (metal ions) 
can be determined through studying this parameter. The 
adsorbent dosage effect on adsorption efficiencies and 

Fig. 1   BET Adsorption/des-
orption isotherm curve of the 
prepared activated carbon
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capacities of Pb(II), Co(II), and Ni(II) ions are shown in 
Fig. 7. Based on observations, adsorption efficiencies of 
lead (83.43–98.32%), Cobalt (82.78–96.33%), and nickel 
(80.62–94.41%) increased impressively in the adsorbent 
dosage range of 0.25–1 g/L. By increasing the adsorbent 
dosage, adequate active sites are accessible for the metal-
lic ions, therefore they can easily diffuse and adsorb in 
the adsorbent structure, which results in higher adsorption 
values. As it can be seen, the diagram becomes constant 

behind the dosage of 1 g/L, since a small amount of ions 
remained in the solution. Therefore, the maximum adsorp-
tion efficiencies can be achieved in the adsorbent dosage 
of 1 g/L. On the other hand, based on the data presented in 
Fig. 7, the adsorption capacity decreased with the adsor-
bent dosage, because of lack of enough metallic ions in 
aqueous solution to be adsorbed on the activated carbon 
adsorbent active sites [39].

Fig. 2   SEM images of the activated carbon adsorbent prepared from Citrus limetta leaves: a before the adsorption of ions, b after the adsorption 
of lead ions, c after the adsorption of cobalt ions, and d after the adsorption of nickel ions
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3.4 � Temperature effect

The other important parameter of the adsorption processes is 
the temperature that its effect on the adsorption efficiencies 

of lead, cobalt, and nickel ions is shown in Fig. 8. Accord-
ing to these data, adsorption efficiencies dropped with tem-
perature in 25–50 °C. The current decline may be due to the 
ions tendency for the separation from the adsorbent surface 

Fig. 3   EDX analysis of the activated carbon adsorbent: a before the adsorption of ions, b after the adsorption of lead ions, c after the adsorption 
of cobalt ions, and d after the adsorption of Ni ions

Table 1   Weight percentages 
of the activated carbon 
constituents prepared from 
Citrus limetta tree leaves before 
and after the adsorption of lead, 
cobalt, and nickel ions

Element (wt%) Activated carbon Adsorbent after Pb 
(II) adsorption

Adsorbent after Co 
(II) adsorption

Adsorbent after 
Ni (II) adsorp-
tion

O 40.26 17.82 26.68 37.46
Ca 25.19 8.14 3.76 6.33
C 19.27 67.05 63.17 43.95
P 8.13 – – –
Mg 2.10 1.50 0.74 0.63
Si 1.49 – 0.41 0.71
S 1.28 – 0.64 0.57
P 1.19 – – –
Fe 0.53 – – –
K 0.42 0.70 0.26 0.23
Al 0.14 – – –
Pb – 4.79 – –
Co – – 4.34 –
Ni – – – 10.12
Total 100 100 100 100
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Fig. 4   FTIR spectra of the activated carbon prepared from Citrus limetta leaves before and after the adsorption process

Fig. 5   XRD spectra of the activated carbon adsorbent prepared from Citrus limetta leaves: a before the adsorption of ions, b after the adsorption 
of lead ions, c after the adsorption of cobalt ions, and d after the adsorption of nickel ions
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and returning into the solution as the result of temperature 
increase. Therefore, it can be said that adsorption processes 
of lead, cobalt, and nickel ions were exothermic and the 
optimum temperature to achieve the maximum adsorption 
efficiencies of these ions was 25 °C, in which the efficiencies 
of Pb(II), Co(II), and Ni(II) ions were 98.32%, 96.33%, and 
94.41%, respectively.

3.5 � Metal ions initial concentration effect

Figure 9 presents the effect of the initial concentration of 
Pb(II), Co(II), and Ni(II) ions in the range of 5–100 mg/L 
on the uptake percentage and capacity of the current 

adsorbent. This parameter is a significant component 
of the adsorption process since it supplies the essential 
mass transfer driving force between the solution and the 
adsorbent. It can be seen from the data in this figure that 
the maximum adsorption efficiencies for these ions were 
achieved in the concentration value of 5 mg/L since there 
were plenty of unoccupied active sites available on the 
surface of the activated carbon adsorbent in initial steps of 
the process, and therefore the concentration driving for the 
adsorption of Pb, Co, Ni ions were relatively high, which 
were followed by consequent high adsorption efficiencies 
as the result of probable collisions between the ions and 
the adsorbent surface. There is also a negative correlation 

Fig. 6   Effect of solution pH on 
Pb (II), Co (II), and Ni (II) ions 
adsorption efficiencies using the 
activated carbon adsorbent pre-
pared from Citrus limetta leaves 
(adsorbent dosage = 0.75 g/L, 
T = 25 °C, initial concentra-
tion = 10 mg/L, t = 60 min, and 
stirring rate = 200 rpm)

Fig. 7   Effect of adsorbent dos-
age on Pb (II), Co (II), and Ni 
(II) ions adsorption efficien-
cies and capacities using the 
activated carbon adsorbent 
prepared from Citrus limetta 
leaves (pH = 6, T = 25 °C, 
initial concentration = 10 mg/L, 
t = 60 min, and stirring 
rate = 200 rpm)
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between the ion concentration and their removal efficien-
cies for the concentrations higher than 5 mg/L, because of 
lack of an adequate number of available active sites for the 
adsorption of excess ions [40–42].

Additionally, it is apparent from Fig. 9 that adsorption 
capacity rose steadily by the ions concentration. This may 
be related to the high ratio of the number of ions in the 
aqueous solution to the number of active sites and func-
tional groups of the adsorbent surface [43]. The results of 
the current research showed that the adsorbent capacity 
order of the activated carbon prepared from Citrus limetta 
leaves is as follows: Pb > Co > Ni.

3.6 � Contact time effect

The effect of contact time on Pb(II), Co(II), and Ni(II) ions 
adsorption efficiencies in the time range of 5–120 min is 
shown in Fig. 10. As it can be seen, there is an initial steep 
rise in adsorption efficiencies of lead (99.25%), cobalt (II) 
(98.21%), and nickel (II) (96.82%) ions in the contact time 
range of 5–60 min, which shows high adsorption rates. This 
can be attributed to the abundance of vacancies and unoc-
cupied active sites for the metal ions at the beginning of 
the process. After 60 min, the diagram gradually became 
constant and no significant further increase in the adsorption 

Fig. 8   Effect of temperature on 
Pb (II), Co (II), and Ni (II) ions 
adsorption efficiencies using 
the activated carbon adsorbent 
prepared from Citrus limetta 
leaves (pH = 6, adsorbent dos-
age = 1 g/L, initial concentra-
tion = 10 mg/L, t = 60 min, and 
stirring rate = 200 rpm)

Fig. 9   Effect of Pb (II), Co 
(II), and Ni (II) ions initial 
concentration on their adsorp-
tion efficiencies and capacities 
(pH = 6, the adsorbent dosage of 
1 g/L, T = 25 °C, t = 60 min, and 
stirring rate = 200 rpm)
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efficiencies of the ions was seen, because of saturation of 
prepared adsorbent active sites by the adsorbed ions. There-
fore it can be concluded that contact time of 60 min can 
be considered as the optimum value for the adsorption of 
Pb(II), Co(II), and Ni(II) ions from the synthetic solution in 
the current conditions of the experiments.

3.7 � Adsorption isotherms

Adsorption isotherms represent a function which is applied 
to relate the adsorbate concentration to the concentration 
of remaining impurities in the solution at a constant time 
and under equilibrium condition [16]. The linear form of 
Langmuir and Freundlich models were applied to describe 
the equilibrium behavior of Pb(II), Co(II), and Ni(II) ions 
adsorption. Langmuir isotherm is used to explain the single 
layer adsorption with a finite number of active sites. The 
linear from of Langmuir isotherm is as follows:

In Eq. (3), Ce and qe are the metallic ion equilibrium 
concentration in the liquid phase (mg/L) and the equilib-
rium adsorption capacity (mg/g), respectively. qmax, KL 
are the adsorption isotherm constants that show the maxi-
mum adsorption capacity (mg/g) and adsorption energy (L/
mg), respectively. The values of these two parameters can 
be determined from the slope and intercept values of qe/Ce 
versus Ce plot. The adsorption intensity, RL, which is the 
most important feature of Langmuir isotherm, is calculated 
by Eq. (4):

(3)
Ce

qe
=

1

qmKL

+
Ce

qm

The value of this parameter determines the adsorption 
process of nature. For 0 < RL < 1, RL > 1, RL = 1, and RL = 0, 
the process is reversible and desirable, non-desirable, desir-
able and linear, and reversible, respectively [44].

As an experimental model, Freundlich isotherm describes 
the adsorption process on a heterogeneous surface. Equa-
tion 2 shows the linear form of the Freundlich isotherm 
model:

where Kf (L/mg) and n are Freundlich model constants and 
denote the adsorption rate and degree of the adsorption pro-
cess nonlinearity, respectively. These two parameters are 
determined from the values of slope and intercept of lnqe 
versus lnCe plot. It should be noted that the process is linear 
when n is equal to 1, and for n values lower and higher than 
1, the process is linear chemical and physical, respectively 
[45, 46].

Figures 11 and 12 and Table 2 show the linear plots and 
parameters of Langmuir and Freundlich isotherm models 
for the removal of lead, cobalt, nickel ions from the aque-
ous solutions by the prepared activated carbon. According 
to these data, the values of RL for Pb (II), Co(II), and Ni(II) 
ions were between 0 and 1. This means that their adsorp-
tion was desirable and reversible. Additionally, the maxi-
mum adsorption capacities for Pb(II), Co(II), and Ni(II) ions 
were 62.89, 60.60, and 58.13 mg/g, respectively, which are 
acceptable values for the prepared adsorbent. Furthermore, 

(4)RL =
1

1 + KLCi

.

(5)ln qe =
1

n
lnCe + lnKf ,

Fig. 10   Effect of contact time 
on Pb (II), Co (II), and Ni 
(II) ions removal efficiencies 
from aqueous solutions by the 
activated carbon adsorbent 
prepared from Citrus limetta 
leaves (pH = 6, adsorbent dos-
age = 1 g/L, T = 25 °C, initial 
concentration = 5 mg/L, and 
stirring rate = 200 rpm)
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the correlation coefficient (R2) of Pb(II), Co(II), Ni(II) lin-
ear forms were as 0.9902, 0.9857, and 0.9933, respectively. 
Based on these R2 values, Langmuir model is capable of 
describing the adsorption equilibrium of these ions.

The values of parameter n which are presented in Table 2, 
were calculated equal to 2.718, 2.305, and 2.273 for lead, 
cobalt, and nickel, respectively. These n > 1 values show that 
the current adsorption processes were physical and desirable. 
In addition, R2 values of Pb(II), Co(II), and Ni(II) Freundlich 
linear forms were 0.9908, 0.9842, and 0.968, respectively. 
Considering these correlation coefficients, it can be said that 
the Langmuir model performed better than Freundlich iso-
therm in the description of these ions adsorption equilibrium 

Fig. 11   Langmuir isotherm 
model diagrams for the adsorp-
tion of lead ions from aque-
ous solution by the activated 
carbon adsorbent prepared from 
Citrus limetta leaves (pH = 6, 
adsorbent dosage = 1 g/L, 
T = 25 °C, initial concentra-
tion = 5–100 mg/L, t = 60 min, 
and stirring rate = 200 rpm)

Fig. 12   Freundlich isotherm 
model diagrams for the adsorp-
tion of (a) lead ions from aque-
ous solution by the activated 
carbon adsorbent prepared from 
Citrus limetta leaves (pH = 6, 
adsorbent dosage = 1 g/L, 
T = 25 °C, initial concentra-
tion = 5–100 mg/L, t = 60 min, 
and stirring rate = 200 rpm)

Table 2   Langmuir and Freundlich adsorption isotherm parameters for 
the adsorption of lead, cobalt, and nickel ions by the activated carbon 
adsorbent prepared from Citrus limetta tree leaves

Models Parameters Pb (II) Co (II) Ni (II)

Langmuir qm 62.89 60.60 58.139
KL 0.458 0.2743 0.363
R2 0.9902 0.9933 0.9857
RL 0.303–

0.0213
0.355–

0.0268
0.421–0.0351

Freundlich n 2.718 2.273 2.305
Kf 18.15 15.38 12.7
R2 0.9902 0.9842 0.968
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behavior. Therefore, the current adsorption processes were 
considered as single layer processes.

3.8 � Kinetic study of adsorption

Kinetic studies can help to have a deep insight about 
the adsorption process by depicting the interactions at 
the solid-solution interface [47]. Pseudo-first-order and 

pseudo-second-order kinetic models have been applied to 
investigate the kinetics of Pb(II), Co(II), and Ni(II) ions 
adsorption process. The pseudo-first-order model is based on 
the hypothesis of the direct relation between the adsorption 
rate and the number of adsorbent active sites. Pseudo-first-
order model linear form is shown as Eq. (6):

(6)ln
(

qe − qt
)

= ln qe − K1t

Fig. 13   a Pseudo-first-order and 
b pseudo-second-order kinetic 
model diagrams for adsorp-
tion of lead, cobalt, and nickel 
ions from aqueous solution by 
the activated carbon adsorbent 
prepared from Citrus limetta 
leaves
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In this equation, qt is the value of adsorbed ions (mg/g) 
at time t per gram of adsorbent and K1 is the rate constant of 
pseudo-first-order model (min−1). It should be noted that K1 
and qe can be achieved from the values of slope and inter-
cept of ln(qe−qt) versus t line. Pseudo-second-order kinetic 
model is based on the assumption that the rate of the pro-
cess is limited by the chemical adsorption. In addition, it 
is hypothesized that adsorption occurs on the solid phase, 
where the rate of adsorption of impurities on the active sites 
is proportional to the squared of the number of unoccupied 
sites. Equation (7) shows the linear form of pseudo-second-
order model:

In this equation, K2 is the rate constant of pseudo-second-
order model (g.mg−1.g−1). It should be noted that qe and K2 
can be calculated from the values of slope and intercept of 
t/qt versus t line.

The results of kinetic studies for the adsorption of lead, 
cobalt, and nickel ions by the activated carbon prepared from 
Citrus limetta leaves are presented in Fig. 13 and Table 3.

According to R2 values, the adsorption processes of Pb 
(II), Co (II), and Ni (II) heavy metal ion comply with the 
pseudo-second-order kinetic model. Additionally, the devia-
tions of the predicted adsorption capacities from the real 
capacity values were lower for pseudo-second-order model 
in comparison with pseudo-first-order model.

3.9 � Thermodynamic studies

Adsorption process spontaneous nature can be evaluated 
through the study of its thermodynamic parameters such 
as Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy 
(ΔS°) changes, which are calculated based on equilibrium 

(7)
t

qt
=

1

K2q
2
e

+
t

qe
.

constant [48]. The adsorption equilibrium constant value 
(Ke) is determined by Eq. (8):

Using Ke, Gibbs free energy changes are determined by 
Eq. (9):

According to Eq. (9), ΔG° is the Gibbs free energy (kJ/
mol), R is the universal gas constant (8.314 J/mol K), and 
T is the absolute temperature (Kelvin). Using Eq. (10), the 
equilibrium constant can be shown as a function of tempera-
ture, enthalpy, and entropy changes:

The values of ΔH° and ΔS° are obtained from the slope 
and intercept of ln Ke versus T−1 [49]. Figure 14 and Table 4 
present the results of thermodynamic studies of lead, cobalt, 
and nickel ions from aqueous solutions by the activated car-
bon adsorbent prepared from Citrus limetta leaves.

According to reported results, the ΔG° values for Pb(II), 
Co(II), and Ni(II) in the temperature range of 298–328 K 
were negative, therefore, adsorption of these ions was pos-
sible and spontaneous processes. In addition, the enthalpy 
values were also negative, indicating that the current adsorp-
tion processes were exothermic. On the other hand, negative 
values of entropy changes denoted that there was a negative 
correlation between the temperature and the current adsorp-
tion efficiencies and the system irregularities, which can be 
inferred based on Le-chateliers principle.

4 � Conclusion

In this research, the adsorption of Pb (II), Co (II), and Ni 
(II) ions using the activated carbon prepared from Cit-
rus limetta leaves was studied. The prepared adsorbent 
was analyzed by various techniques such as BET, SEM, 
EDX, FTIR, and XRD. Also the effect of various adsorp-
tion important parameters including solution pH, the dos-
age of adsorbent, temperature, ions initial concentration, 
and adsorption contact time were studied on the adsorp-
tion performance of the prepared adsorbent. According 
to results, the best pH value for the adsorption of heavy 
metal ions was 6. The other optimum parameter as follows: 
adsorbent dosage = 1 g/L, T = 25 °C, initial ion concentra-
tion = 5 mg/L, and t = 60 min. Equilibrium studies showed 
that Langmuir isotherm performed better than Freundlich. 
In addition, it was shown that the adsorption of the ions 
was physical and desirable. Adsorption kinetic studies 

(8)Ke =
qe

Ce

(9)ΔG0 = −RT lnKe

(10)lnKe = −
ΔH0

RT
+

ΔS0

R

Table 3   Pseudo-first-order and pseudo-second-order kinetic model 
parameters for the adsorption of lead, cobalt, and nickel ions by the 
activated carbon adsorbent prepared from Citrus limetta tree leaves

Kinetic models Parameters Heavy metal ions

Pb (II) Co (II) Ni (II)

Pseduo-first-order R2 0.9392 0.9593 0.9583
qexp (mg/g) 4.9765 4.9315 4.877
qcal (mg/g) 2.511 3.9538 3.8694
K1 0.0683 0.0728 0.063

Pseduo-second-order R2 0.9993 0.9962 0.9983
qexp (mg/g) 4.9765 4.9315 4.877
qcal (mg/g) 5.23 5.37 5.299
K2 0.0387 0.019 0.0266



696	 Carbon Letters (2020) 30:683–698

1 3

Fig. 14   Thermodynamic 
diagrams for the adsorption of 
a lead, b cobalt, and c nickel 
ions from aqueous solution by 
the activated carbon adsorbent 
prepared from Citrus limetta 
leaves (pH = 6, adsorbent 
dosage = 1 g/L, initial ion 
concentration = 10 mg/L, and 
t = 60 min)
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indicated that the experimental data were fitted by pseudo-
second-order kinetic model. Finally, thermodynamic 
investigations denoted that the adsorption of lead, cobalt, 
and nickel ions by the prepared adsorbent was spontaneous 
and possible. Based on negative enthalpy values, it can be 
said that the processes were exothermic, while the negative 
entropy values meant that the current adsorption processes 
were followed by the decrease of irregularities.
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