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Abstract
The purpose of this study was to remove lead and arsenic ions from aqueous solutions using the activated carbon prepared 
from Citrus limon tree leaves. Characteristics of the prepared adsorbent were studied thoroughly using BET, SEM, EDS 
and mapping, XRD, and RAMAN analyses. The results of experiments showed that the highest adsorption efficiencies were 
97.67% and 95.89% for Pb (II) and As (III), respectively. Additionally, the adsorbent was successfully regenerated four times 
and therefore it was able to perform the adsorption and desorption processes well. Moreover, the results of adsorption kinet-
ics showed that the pseudo second-order kinetic model was more effective for the description of adsorption mechanism of 
both metals. Furthermore, the equilibrium studies indicated that Langmuir and Freundlich isotherm models were desirable 
for lead and arsenic ions, respectively.
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1  Introduction

Environmental pollution is now considered as a critical 
global issue [1]. As a result of population explosion and the 
development of industries and agriculture in recent years, 
besides the lack of clean water resources, accessibility to 
clean water and its recycle has become a worldwide neces-
sity. Heavy metals are the pollutants which are naturally 
produced from industrial processes and human activities 
[2, 3]. Due to the extent, durability, and toxicity of these 
contaminants in aqueous solutions, metallic ions have been 
reported as severe harmful chemicals to the human life and 
environment [4–6]. Such metals can pollute water sources 
and food chain and also enter the human body through 

various ways, including drinking water, food, and breath-
ing the suspended particles [7]. Some of heavy metals such 
as lead, cadmium, mercury, arsenic, and nickel are toxic at 
even very low traces [8, 9]. The main source of environment 
pollution by heavy metals is the wastewater of industries like 
electroplating, metallurgy, and production of electric boards. 
The annual direct discharge of wastewater of such industries 
without any specific treatment into the environment causes a 
deadly risk of human health. There are several methods for 
the removal of these heavy metals from wastewaters includ-
ing filtration, reverse osmosis, ion exchange resin, chemical 
treatment, and adsorption [10, 11]. Among the mentioned 
treatment methods, due to its environmental compatibility, 
simplicity, high separation efficiency, and being technically 
feasible [12, 13], adsorption has received considerable criti-
cal attention [14, 15]. Various adsorbents have been used to 
remove heavy metals from wastewater systems so far, among 
them the activated carbon is one of the most important types 
[16–18]. In recent years, the use of bio-activated carbon has 
been a major area of interest for its environmental compat-
ibility and very high removal efficiency [19].

In the present work, the activated carbon which was pre-
pared from Citrus limon tree leaves was used as a novel 
and effective adsorbent to remove Pb (II) and As (III) ions 
form aqueous solutions. To do so, various parameters such 
as solution pH, adsorbent dosage, concentration of lead and 
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arsenic metallic ions, contact time, and temperature were 
investigated and the maximum removal efficiencies of lead 
and arsenic ions were obtained. Additionally, kinetic, equi-
librium, and thermodynamic studies of the adsorption pro-
cess were investigated. It should be noted that the adsorbent 
was regenerated and reused. To our knowledge, there is not 
any paper available in the literature that has discussed the 
usage of such an adsorbent for the removal of lead and arse-
nic ions.

2 � Materials and methods

2.1 � Chemicals

The leaves of Citrus limon  tree, which were used in the 
current study as a source for the preparation of activated 
carbon, were collected from local gardens of Boushehr 
province (Iran). Sodium hydroxide, hydrochloric acid, lead 
nitrate (Pb(NO3)2), and sodium arsenite (NaAsO2) were all 
purchased from Merck Company (Germany) with a purity 
of > 99%. Their chemical formula, CAS registry number, 
suppliers, and chemical structure are presented in Table 1. 
It should be noted that double distilled water was used in all 
of the experiments to prepare lead and arsenic ions solutions.

2.2 � Preparation of stock solution

To prepare the stock solutions of lead and arsenic ions with 
an initial concentration of 1000 ppm, 1.6 g of Pb(NO3)2 and 
1.73 g of NaAsO2 were accurately weighted and poured into 
a 250 ml volumetric flask and dissolved in double distilled 
water. Stock solutions with lower concentrations were then 
prepared by dilution using double distilled water.

2.3 � Preparation of adsorbent

For the preparation of the activated carbon adsorbent, the 
collected Citrus limon tree leaves were washed by water to 

remove any residual dust and other impurities. After wash-
ing, the Citrus limon tree leaves were dried completely in 
an oven for 2 h in temperature of 100 °C. Then, the dried 
leaves were placed in an inert gas furnace for 4 h in tem-
perature of 700 °C. After the aforementioned period of 
time, the carbonized materials were graded using sieve no. 
25 and held in polyethylene sealed containers in ambient 
temperature for further use as the adsorbent.

When the activated carbon adsorbent was prepared, 
its surface and structural properties were determined 
using various analyses. Techniques such as BET (Bel-
sorp, Belsorp mini II, Japan), SEM (Tisteam MIRA III, 
Czech Republic), Energy-dispersive X-ray spectroscopy 
(EDS) and Mapping (Map) (Tisteam SAM x, France), 
XRD (X-Pert-PrompD Panalytical, The Netherland), and 
RAMAN (Takram p50C0R10 Iran) were applied to deter-
mine the adsorbent specific surface area, its structure and 
morphology, the elements and their weight percentages 
on the adsorbent structure, and the adsorbent crystallinity.

2.4 � Experimental procedure

As mentioned before, lead and arsenic ions adsorption 
experiments were carried out in a 250 ml volumetric flask 
containing 100 ml of these ions solutions using the acti-
vated carbon prepared from Citrus limon tree leaves. For 
this purpose, the effect of different parameters such as 
pH (2–11), adsorbent dosage (0.25–10 g/L), initial con-
centration of metallic ions (10–100 mg/L), contact time 
(5–180 min), and temperature (25–55 °C) were investi-
gated on their adsorption efficiencies. After the tests and 
separation of adsorbent from aqueous solution, an atomic 
absorption spectrometry equipped with acetylene-air fuel 
(VARIAN, USA) was used to determine the amount of 
remaining ions in the aqueous solution.

To determine the adsorption efficiency of metallic ions 
from the aqueous solutions, Eq. (1) was used:

Table 1   The chemical formula, CAS registry number, suppliers, and chemical structure of the chemicals

Compound Chemical formula CAS registry number Suppliers 2D schematic of chemical structure

Sodium hydroxide NaOH 1310-73-2 Merck Co., Germany

Hydrochloric acid HCl 7647-01-0 Merck Co., Germany H+-Cl−

Lead (II) nitrate Pb(NO3)2 10,099-74-8 Merck Co., Germany

Sodium arsenite NaAsO2 7784-46-5 Merck Co., Germany
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where Re is the percentage of the ion’s removal, and Ci 
and Ce (mg/L) are the initial and equilibrium concentrations 
of the metallic ion in aqueous solution, respectively. In addi-
tion, the adsorption equilibrium capacity per gram of the dry 
adsorbent was determined from Eq. (2):

In this equation, qe is the adsorption capacity (mg/g), V 
is the volume of solution (L), and W is the mass of the used 
adsorbent (g).

3 � Results and discussion

3.1 � Adsorbent characterizations

BET analysis was used to study the surface properties of 
the prepared activated carbon. The results showed that the 
specific surface area, pore volume, and average diameter of 
the adsorbent cavities were 291.93 m2/g, 425.95 cm3/g, and 
5.83 nm, respectively. According to these data, the adsor-
bent has an acceptable specific surface area which makes 
it suitable for adsorbing the metal ions. Additionally, the 
diameter of the cavities represents the mesoporous nature 
of the adsorbent.

SEM analysis was applied to determine the morphology 
of the activated carbon adsorbent before and after adsorp-
tion of lead and arsenic ions. As it can be observed in Fig. 1, 
the adsorbent has a rough structure with high number of 
adsorption channels before the adsorption process, while 
its surface became uniform after the adsorption of ions and 

(1)Re (%) =
Ci − Coe

Ci

× 100,

(2)qe =

(

Ci − Ce

)

w
× V .

the adsorption sites disappeared because they were occu-
pied by the adsorbed metallic ions. The surface uniformity 
and disappearance of adsorption sites are clearly shown in 
Fig. 1b, c.

EDS and MAP analyses were used to investigate the 
distribution of the existing elements on the adsorbent sur-
face which confirms its ability to adsorb lead and arsenic 
ions. The results of EDS and MAP analyses are shown in 
Fig. 2 and Table 2, respectively. As reported in this table, 
there are several elements on the surface of activated carbon 
and the highest weight percentages belong to carbon and 
oxygen which were 22.6% and 33.7%, respectively. After 
the adsorption of Pb and As ions, EDS and MAP analyses 
confirmed the presence of these elements on the adsorbent 
structure, which indicates that the applied adsorbent was 
capable of adsorbing them. It should be noted that the weight 
percentages of lead and arsenic elements on the activated 
carbon structure after the adsorption process were 37.39% 
and 0.73%, respectively, indicating the higher adsorption 
capability of the prepared activated carbon for lead ions. 
Moreover, the results of Ultimate analysis of the dry leaves 
are presented in this table. It is clearly seen that the com-
position of C and O elements are much higher than others.

XRD analysis was applied to determine the type of 
the adsorbent’s crystalline phases and its crystallinity. 
XRD spectrum of the current adsorbent before and after 
adsorption of lead and arsenic ions are shown in Fig. 3. 
As it can be observed, there are some peaks in 2θ val-
ues around 23°, 31°, and 43°, which can be associated 
with (002) and (001) crystalline phases of the graphite 
structure [20]. Actually, the peak in 2θ = 43° is associated 
with (100) and (101) crystalline phase, which confirms 
the graphite structure of the current prepared activated 
carbon [21, 22]. According to the presented XRD spec-
trum, the peaks of the CaCO3, KCl, CaSO4, Ca3(PO4)2 
and MgO/67H2O compounds match with the reference 

Fig. 1   SEM images of activated carbon adsorbent prepared from Citrus limon tree leaves (a) before the adsorption, b after the adsorption of lead 
ions, and c after the adsorption of arsenic ions
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card numbers of 24-0027, 41-1476, 36-0617, 32-0176, 
and 11-0353, respectively. The maximum peaks revealed 
in 2θ values of 29.5, 28.5, 25.5, and 14.5 are the charac-
teristics of CaCO3, KCl, Ca3(PO4), and CaSO4 structure, 
respectively. Considering Fig. 3b and c, the location and 

intensity of the observed peaks were not changed consider-
ably after the adsorption of the metallic ions, therefore it 
can be concluded that the the activated carbon’s crystalline 
structure was unchanged by the adsorption of the ions.

Fig. 2   EDS and Map analyses for (a, b) activated carbon adsorbent, (c, d) after the adsorption of arsenic ions, (e, f) and after the adsorption of 
lead ions
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RAMAN spectroscopy is one of the techniques which can 
be used to describe various functional groups, the degree of 
quantum change [23], as well as the structural study of the 
materials [24]. It is worth noting that this analysis is highly 
sensitive to the amorphous bonds in the structure of mate-
rial [23]. The results of RAMAN analysis for the current 
activated carbon before and after the adsorption of lead and 
arsenic ions are shown in Fig. 4. The main characteristics 
of the resulting spectra are two peaks called D and G peaks. 
The G peak which is located in the range of 1586 cm−1 is 
associated with the E2g vibration mode and represents the 
SP2 hybrid structure of the carbon, indicating the crystalline 
nature of the prepared adsorbent. In addition, the D peak 
which is appeared in the range of 1371 cm−1 indicates the 
hybrid SP3 structure of carbon [25] and the amorphous sec-
tion of the prepared adsorbent. It is also worth noting that 
the intensity and width of the G and D peaks present some 
information about the disturbances in the adsorbent sample. 
The D/G ratio intensity for the produced activated carbon 
before and after adsorption of arsenic and lead ions were 
0.858, 0.848, and 0.857, respectively. The decrease in this 
ratio shows that after the process, the amount of crystal-
line portions in the activated carbon increased similar to 
its hybrid SP2 structure, which could be due to adsorption 
of lead and arsenic metal ions [25]. It should be noted that 
RAMAN spectrum of the prepared activated carbon was 
changed after the adsorption of lead and arsenic ions. The 
current findings mirror those of the previous studies [26]. 

Therefore, according to the obtained results, it can be stated 
that activated carbon has both amorphous and crystalline 
portions, and the adsorption of lead and arsenic heavy met-
als ions increased the crystalline portions of the produced 
adsorbent’s structure.

3.2 � Effect of solution pH

pH is a key factor of the adsorption process, since it affects 
the surface charge of the adsorbent. The effect of pH on 
the adsorption efficiencies of lead and arsenic ions was 
studied in the range of 2–11, and the results are shown 
in Fig. 5. As can be seen in this figure, by increasing pH, 
the removal efficiencies of lead and arsenic ions increase 
to a maximum point. The highest adsorption efficiencies 
were achieved for lead (96.82%) and arsenic (95.98%) in 
pH values of 7 and 9, respectively. This can be described 
according to the anion characteristics of Citrus limon 
tree leaves. Additionally, at lower pH values (pH < 5), the 
removal efficiencies of lead and arsenic were low, which 
indicate that acidic pH is not suitable for the removal of 
these two metals. These initial increases in the adsorp-
tion efficiency values are due to the presence of negative 
charges on the adsorbent’s surface, which can be consid-
ered as the proper location of the metal ion adsorption 
sites. However, in low pH values, the hydrogen ions (H+) 
present in the aqueous phase compete with the metallic 

Table 2   Weight percentages of 
dry leaves and activated carbon 
constituents prepared from 
Citrus limon tree leaves before 
and after the lead and arsenic 
metal ions adsorption processes 
from the aqueous solution

Element (wt%) Ultimate analysis 
data (dry leaves)

Activated carbon Adsorbent after 
adsorption As (III)

Adsorbent after 
adsorption Pb 
(II)

C 49.61 22.60 44.45 43.89
O 38.23 33.70 24.97 11.62
Na – – 0.43 –
Mg – 2.18 1.80 0.29
Al – 0.24 0.81 9.23
Si – 1.01 1.72 0.51
P – 3.01 – –
S 2.17 – 0.03 –
Cl – 4.29 – –
K – 18.83 1.00 0.29
Ca – 13.16 21.21 5.78
Fe – – 0.65 –
Cu – 0.99 – –
Ta – – – –
As – – 0.73 –
Pb – – – 37.39
N 3.21 – – –
H 6.78 – – –
Total 100 100.00 100.00 100.00
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ions to locate on the adsorbent active sites. Therefore, the 
adsorbent’s total surface charge becomes positive and bar-
ricades the adsorption of positive-charged metallic ions on 
the adsorbent’s surface. In this study, there was a reduction 
in adsorption efficiencies of lead and arsenic ions after pH 
values of 7 and 9, respectively. The observed drops were 
due to the formation of complexes of the hydroxide ions 
(OH−) present in the solution as well as the competition 
between them and the remained metallic ions for reloca-
tion on adsorbent active sites [27]. Therefore, in this cur-
rent study, the optimum pH values for lead and arsenic 
ions were equal to 7 and 9, respectively.

3.3 � Effect of adsorbent dosage

Adsorbent dosage is one of the most important factors in 
adsorption process, because it helps achieving the maximum 
adsorption efficiency [28]. The effect of adsorbent dosage 
in the range of 0.25–10 g/L on the lead and arsenic adsorp-
tion efficiencies is shown in Fig. 6. As shown in this figure, 
by increasing the adsorbent dosage from 0.25 to 3 g/L, the 
removal percentages of lead and arsenic increased and then 
it became constant after the dosage of 3 g/L. As a result of 
increasing the adsorbent dosage, the specific surface area 
and number of active sites of the adsorbent increased which 
promote the adsorption of ions onto these sites which is 

Fig. 3   XRD spectrum of activated carbon produced from Citrus 
limon  tree leaves (a) before the adsorption, b after the adsorption of 
lead ions, and c after adsorption of arsenic ions

Fig. 4   Raman analysis for the prepared activated carbon from Citrus 
limon  tree leaves before and after the adsorption of arsenic and lead 
ions from aqueous solution
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Fig. 5   The effect of solution pH on the adsorption efficiencies of lead 
and arsenic ions from the aqueous solution by the activated carbon 
prepared from Citrus limon tree leaves (adsorbent dosage = 0.25 g/L, 
Conc. = 20 mg/L, T = 25 °C, tc = 60 min, and stirring rate = 200 rpm)
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followed by a rise in the adsorption efficiencies of lead and 
arsenic ions [29]. By the further increase in the adsorbent 
dosage, since a small amount of ions remained in the solu-
tion, there was a slight increase in the adsorption efficiency 
and after a while the process stopped finally. This phenom-
enon can be explained through the probability of aggre-
gation of adsorbent particles because of their high mass 
which results in decrease of the adsorbent’s surface area 
and increase of the diffusional path length [15]. As a result, 
the adsorbent dosage of 3 g/L was obtained as an optimum 
value, in which the removal efficiencies of lead and arsenic 
ions were 95.89% and 97.68%, respectively. These findings 
further support the idea that says the maximum adsorption 
occurs in an appropriate dosage of the adsorbent and no 
significant adsorption was found for the residual ions after 
this point.

3.4 � Effect of ions initial concentration

The effect of initial concentration of lead and arsenic ions 
in the range of 10–100 mg/L on their removal efficiencies 
is shown in Fig. 7. As it can be observed, for the lower con-
centrations of the metallic ions, the removal percentages 
were high. The reason is that in the lower concentrations, 
the number of available active sites was higher for lead 
and arsenic ions, as a result, all of the ions can be easily 
adsorbed on the surface of adsorbent. By the further increase 
in the concentration of ions in the solution, the adsorption 
decreased, because of lack of adequate number of available 
active sites for the adsorption of ions. Thus, the highest 
removal efficiencies were obtained in the concentration of 
10 mg/L for both of the ions. It should be noted that the 
maximum adsorption efficiencies of lead and arsenic ions 

in the achieved optimized ion concentration were of 97.68% 
and 95.89%, respectively.

3.5 � Effects of contact time and temperature

Temperature is another important parameter of the adsorp-
tion, because it determines the exothermic/endothermic 
nature of the process. The effects of temperature and con-
tact time on the removal efficiencies of lead and arsenic ions 
from aqueous solution by the activated carbon adsorbent in 
the range of 25–55 °C and 5–180 min are shown in Figs. 8 
and 9, respectively. As shown in Fig. 8, there is an initial 
steep rise in adsorption efficiency which is the sign of high 
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Fig. 6   The effect of adsorbent dosage on the adsorption efficiencies 
of lead and arsenic ions from the aqueous solution by the activated 
carbon prepared from Citrus limon  tree leaves (pH = 7 for lead and 
pH = 9 for arsenic, Conc. = 10 mg/L, T = 25 °C, tc = 60 min, and stir-
ring rate = 200 rpm)
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Fig. 7   The effect of arsenic and lead ions initial concentration on 
their adsorption efficacies from the aqueous solution by the activated 
carbon prepared from Citrus limon  tree leaves (pH = 7 for lead and 
pH = 9 for arsenic, adsorbent dosage = 3 g/L, T = 25  °C, tc = 60 min, 
and stirring rate of 200 rpm)
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efficiency of lead ions from the aqueous solution by the activated car-
bon prepared from Citrus limon tree leaves (pH = 7, Conc. = 10 mg/L, 
adsorbent dosage = 3 g/L, and stirring rate of 200 rpm)
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adsorption rates. This is due to the fact that at the begin-
ning of the adsorption process, a large number of active sites 
are available for the metallic ions to be adsorbed, therefore 
the removal percentage is high. After 60 min, the slope of 
lead ion’s adsorption curve decreased and then it gradually 
became constant. With increasing the contact time, due 
to gradual occupancy of these sites and repulsive forces 
between the ions and bulk of solution, the occupation of the 
remaining vacant sites becomes more difficult [30]. There-
fore, this point, 60 min, can be the optimal value for the 
contact time of lead ions adsorption. From the data in Fig. 9, 
the contact time of 40 min was considered as the optimal 
value for removal of arsenic ions.

On the other hand, in Figs. 8 and 9 there is a clear trend 
of decreasing of adsorption efficiencies with temperature in 
the range of 25–55 °C for both of these ions. Based on these 
data, it can be concluded that the adsorption processes were 
more suitable in lower temperatures, which indicates that 
the current adsorption processes were exothermic and no 
chemical bonds were formed during the adsorption. There-
fore, 25 °C was considered as the optimal temperature for 
both of ions. It is worth noting that the optimal adsorption 
efficiency of lead and arsenic ions were 97.68% and 95.89%, 
respectively.

3.6 � Desorption and regeneration experiments

The complete mechanism of the adsorption process can be 
achieved through the desorption studies. In addition, regen-
eration of the adsorbent plays a key role in the economic 
success of the process [31]. In the current research, the des-
orption experiments of the prepared activated carbon after 
the adsorption of lead and arsenic ions were performed using 
NaOH solution (0.3 M) for different time periods and the 
results are presented in Fig. 10. As it can be seen, the two 

ions desorption percentage from the prepared adsorbent 
decreased with time. From the data it can be seen that the 
maximum desorption percentages for Pb and As ions were 
93.71% (2 h) and 94.12% (2 h), respectively.

The results of reusing the adsorbent prepared from Cit-
rus limon tree leaves for 6 stages of adsorption/desorption 
process is presented in Fig. 11. As it can be observed, there 
is a mild decline (6%) in the adsorption efficiencies of the 
prepared adsorbent in the first four stages of adsorption/des-
orption process. After this point, the decline in adsorption 
capacity was considerable, which can be related to the com-
petition between OH− and pollutant ions for sitting on the 
adsorbent’s surface [32]. Therefore, the most striking result 
to emerge from these data is that the activated carbon adsor-
bent prepared from Citrus limon tree leaves can be used for 
four stages of adsorption/desorption of Pb and As ions from 
the aqueous solutions and can be considered as an appropri-
ate one for the removal of these pollutants.

3.7 � Adsorption isotherms

The adsorption isotherm represents valuable information 
about the ions and adsorbent interactions. To study the 
equilibrium behavior of the lead and arsenic adsorption 
processes, Langmuir and Freundlich isotherm models were 
applied. Langmuir isotherm is used to describe the single 
layer adsorption on surfaces with a finite number of adsorp-
tion sites. The linear form of the Langmuir equation is given 
by Eq. (3) [33, 34]:

In this equation, qmax and KL are the adsorption isotherm 
model constants which show the highest adsorption capac-
ity (mg/g) and adsorption energy (L/mg), respectively. The 

(3)
Ce

qe
=

1

KLqm
+

Ce

qm
.
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values of these two constants are obtained from the slope and 
intercept of Ce/qe versus Ce plot. The most important feature 
of Langmuir isotherm is RL, which is called the adsorption 
intensity parameter, and is calculated using Eq. (4):

If the value of this parameter is 0 < RL < 1, RL > 1, RL = 1, 
and RL = 0, the process is favorable, unfavorable, linear, and 
irreversible, respectively [10].

Freundlich model is an experimental model based on 
adsorption on a heterogeneous surface. The linear form of 
this model is given in Eq. (5):

where Kf (L/mg) and n are the Freundlich constants which 
indicate the adsorption rate and degree of nonlinearity of 
the process. If the value of n is one, the adsorption is linear. 
Additionally, when it is lower and higher than 1, the adsorp-
tion is unfavorable and favorable, respectively [35]. The val-
ues of Kf and 1/n are obtained from the slope and intercept 
of lnqe versus lnCe plot.

Figure 12 and Table 3 present the plots and parameters 
of Langmuir and Freundlich isotherm models obtained from 
the experimental data of lead and arsenic ions adsorption. 
According to the equilibrium study results, the values of RL 
of Langmuir isotherm for lead and arsenic ions were 0.133 
and 0.263, respectively, indicating that their adsorption pro-
cesses were favorable. Furthermore, the maximum adsorp-
tion capacities which were obtained using Langmuir model 

(4)RL =
1

1 + KLCi

.

(5)ln qe =
1

n
lnCe + lnKf,

were 45.66 mg/g and 52.91 mg/g for lead and arsenic ions, 
respectively. These values denote that the prepared adsor-
bent has a considerable adsorption capability.

In addition, using Freundich isotherm model, the value 
of the n coefficient for lead and arsenic ions were equal to 
1.99 and 1.74, respectively. Based on these values, it can 
be said that the current adsorption processes were physical 
and favorable. Also, according to the correlation coefficient 
values given in Table 3, Langmuir and Freundlich isotherm 
models performed well for describing lead and arsenic ions 
adsorption, respectively.

3.8 � Kinetic study

Adsorption process kinetics involves several steps such as 
transferring the pollutant to the adsorbent surface, trans-
ferring from the surface to the intermolecular active sites 
and remaining in the active sites through the adsorption, 
and complex formation or sedimentation [36]. The pseudo 
first-order and the pseudo second-order kinetic models were 
applied to study the kinetics of lead and arsenic removal 
from the aqueous solutions.

In the pseudo-first-order kinetic model, it is assumed that 
the adsorption rate is proportional to the number of adsor-
bent’s active sites. The linear form of this model is expressed 
in Eq. (6) [37]:

In this equation, qt is the value of adsorbed ions at time t 
per gram of adsorbent (mg/g) and K1 is the adsorption rate 
constant for the pseudo first-order model (1/min). K1 and qe 

(6)Ln
(

qe − qt
)

= Lnqe − K1t.

Fig. 11   Adsorption/desorp-
tion studies of lead and arsenic 
ions using the activated carbon 
adsorbent prepared from Citrus 
limon tree leaves
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are calculated using the slope and intercept of ln(qe − qt) 
versus t plot [38].

The pseudo second-order kinetic model is based on the 
hypothesis that the occupation rate of active sites by the 
adsorbates is proportional to the squared of the number of 
unoccupied sites. The linear form of the pseudo second-
order kinetic model is given by Eq. (7) [39, 40]:

where K2 is the pseudo second kinetic rate constant 
(g mg−1 g−1). Additionally, the values of qe and K2 are deter-
mined from the slope and intercept of the t/qt versus t [38, 
39].

(7)
t

qt
=

1

K2q
2
e

+
t

qe
,

The results of kinetic study for the adsorption of lead and 
arsenic ions are shown in Fig. 13. In addition, the values of the 
calculated parameters are presented in Tables 4. According to 
the achieved results, the experimental values of the adsorbed 
ions at equilibrium time for both of metal ions (qe.exp) were the 
highest in 25 °C. Additionally, considering the R2 values for 
the proposed models, it can be concluded that the pseudo sec-
ond-order kinetic model performed better than that of pseudo 
first-order model for the description of the kinetic behavior of 
lead and arsenic ions adsorption using the activated carbon 
prepared from Citrus limon tree leaves.

3.9 � Thermodynamic study

Using the thermodynamic parameters, one can describe the 
nature of the reaction (exothermic or endothermic). In ther-
modynamic studies, the parameters such as enthalpy (ΔH°), 
entropy (ΔS°), and Gibbs free energy (ΔG°) are calculated. 
The adsorption equilibrium constant (Ke) is calculated using 
Eq. (8) [39]:

The value of Ke is used to calculate the Gibbs free energy 
as follows:

(8)Ke =
qe

Ce

.

(9)ΔGo = −RT lnKe.

Fig. 12   Langmuir isotherm 
model diagrams for the 
adsorption of (a) lead and (b) 
arsenic ions and the Freundlich 
isotherm model diagrams for 
the adsorption of (c) lead and 
(d) arsenic ions from aqueous 
solution by activated carbon 
adsorbent prepared from Citrus 
limon tree leaves (pH = 7 for 
lead and pH = 9 for arsenic, 
adsorbent dosage = 3 g/L, 
T = 25 °C, tc = 60 min, and stir-
ring rate = 200 rpm)
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Table 3   Langmuir and Freundlich adsorption isotherm parameters for 
the adsorption of lead and arsenic ions by the activated carbon adsor-
bent prepared from Citrus limon tree leaves

Models Parameters Pb (II) As (III)

Langmuir qm(mg/g) 45.66 52.91
KL (L/mg) 0.324 0.139
R2 0.9903 0.968
RL 0.133 0.263

Freundlich n 1.99 1.74
Kf (mg/g (L/mg)1/n) 10.97 7.667
R2 0.968 0.9871
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In Eq. (9), ΔG° is the Gibbs free energy (J/mol), R is the 
universal gas constant (8.314 J/mol K), and T is the absolute 
temperature (Kelvin).

The equilibrium constant can be expressed as a func-
tion of temperature, enthalpy (ΔH°), and entropy (ΔS°) 

variations. The relationship between Ke and temperature 
is presented by Van’t Hoff’s equation, which is expressed 
as follows [41]:

Using the slope and intercept values of lnKe versus 1/T 
line, ΔH° and ΔS° of the adsorption process are calcu-
lated [42]. Table 5 shows the values of thermodynamic 
parameters at different temperatures. Figure 14 is also 
illustrated to display the adsorption thermodynamics of 
lead and arsenic ions by the adsorbent prepared from Cit-
rus limon tree leaves at different temperatures.

(10)lnKe = −
ΔH0

RT
+

ΔS0

R
.

Fig. 13   Pseudo-first-order 
kinetic model diagrams for the 
adsorption of (a) lead and (b) 
arsenic ions and pseudo second-
order kinetic model diagrams 
for the adsorption of (c) lead 
and (d) arsenic ions from aque-
ous solution by activated carbon 
adsorbent prepared from Citrus 
limon tree leaves
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Table 4   Pseudo first-order and pseudo second-order kinetic param-
eters for the adsorption of lead and arsenic metal ions by the activated 
carbon adsorbent prepared from Citrus limon tree leaves

Kinetic models Parameters 25 °C 35 °C 45 °C 55 °C

Pb (II)
 Pseduo first-order qe.cal 2.87 2.672 2.207 2.046

K1 0.0525 0.0438 0.0342 0.0345
R2 0.9586 0.9652 0.9419 0.9308

 Pseduo second-
order

K2 0.0422 0.0401 0.0376 0.0438
qe.cal 9.891 9.708 9.615 9.107
R2 0.9999 0.9999 0.9999 0.9999
qe.exp 0.718 9.54 9.451 8.972

AS (III)
 Pseudo first-order qe.cal 1.7785 1.6437 1.3144 1.7446

K1 0.0469 0.0452 0.0403 0.0485
R2 0.868 0.9151 0.871 0.9137

 Pseudo second order K2 0.058 0.067 0.068 0.062
qe.cal 10.548 9.532 9.451 9.3545
R2 0.9937 0.9999 0.9999 0.9999
qe.exp 9.64 9.431 9.348 9.254

Table 5   Thermodynamic parameters of the adsorption processes of 
lead and arsenic metal ions from the aqueous solution by the acti-
vated carbon adsorbent prepared from Citrus limon tree leaves

Metal ions T (°C) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K)

Pb (II) 25 − 6.7454 − 35.88 − 97.88
35 − 5.47
45 − 5.089
55 − 3.602

As (II) 25 − 6.058 − 21.01 − 50.78
35 − 5.018
45 − 4.7
55 − 4.47
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According to the findings presented in Table 5, Gibbs 
free energy (ΔG°) in 25 °C for lead and arsenic ions were 
− 6.7454 kJ/mol and − 6.085 kJ/mol, respectively, which 
denote that the adsorption processes of these ions by the 
adsorbent prepared from Citrus limon tree leaves were pos-
sible and spontaneous. Additionally, there was a negative 
correlation between Gibbs free energy and temperature, 
therefore it is possible to adsorb the ions in higher tempera-
tures. Also, the enthalpy changes in the temperature range 
of 25–55 °C were − 35.88 J/mol and − 21.01 J/mol for lead 
and arsenic ions, respectively. Consequently, the adsorption 
processes of both of these ions were exothermic. In addition, 
the negative values of entropy change (ΔS°) indicates that 
the adsorption processes of these ions were reversible and 
physical.

4 � Conclusion

In this study, adsorption of lead and arsenic ions from aque-
ous solutions using the activated carbon prepared from Cit-
rus limon tree leaves was investigated. The results showed 
that the optimum pH and contact time were 7 and 60 min for 
lead and 9 and 40 min for arsenic ions, while the tempera-
ture of 25 °C, ion concentration of 10 mg/L, and adsorbent 
dosage of 3 g/L were the best conditions for both of them. 
In addition, the current adsorbent showed an acceptable 
adsorption capability after four stages of adsorption/desorp-
tion processes of the mentioned ions. Adsorption equilib-
rium studies revealed that Langmuir and Freundlich models 
were appropriate for describing the adsorption equilibrium 
behavior of lead and arsenic ions, respectively. Kinetic stud-
ies showed that the pseudo second-order kinetic model per-
formed well for describing the removal process mechanism 
of lead and arsenic ions. Additionally, the negative values of 
Gibbs free energy showed that the processes were spontane-
ous for both of the metal ions.
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