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Abstract
In this work, a new carboxylate-modified pine cone is synthesized via esterification of pine cone with isopropylidene 
malonate. The chemical modification procedure is optimized, and then, the adsorbent prepared is characterized by different 
techniques such as field emission scanning electron microscopy, energy-dispersive X-ray diffraction, and FT-IR spectroscopy 
in order to approve the presence of carboxylic groups on the surface of pine cone. The performance of the bio-sorbent is 
investigated for the removal of lead ions from the aqueous solution. The factors affecting the performance of the prepared 
adsorbent are analyzed and optimized in an experimental setup. Under the optimum conditions, studying the experimental 
data illustrates that the Langmuir isotherm can suitably describe the equilibrium data, and at a temperature of 298 K, pH 4.8, 
and 0.40 g L−1 of the adsorbent, the maximum adsorption capacity of 400.0 mg g−1 is obtained; this value is much higher 
than some of the newly reported ones. The high lead ion adsorption can be attributed to the abundant functional groups 
present in the adsorbent. Carboxylate-modified pine cone can be successfully regenerated for 3 times using EDTA-2Na as 
the solvent elution.

Keywords  Lead · Removal · Wastewater treatment · Modified adsorbent

Introduction

The pollution of industrial effluents by heavy metal ions has 
been one of the serious environmental problems in the recent 
decades [1]. Among the heavy metal ions, lead is a griev-
ous one due to its acute toxicity [2, 3]. The Environmental 
Protection Agency standard for lead ions in wastewater is 
0.5 mg L−1 [4], and consequently, eliminating lead ions from 
the ecosystem is an essential requirement.

Different techniques like coagulation, membrane filtra-
tion, and adsorption have been reported to remediate the 
effluents containing lead ions [4–9]. Due to its practicabil-
ity and low consumption of reagents, the adsorption using 
a low-cost bio-sorbent has earned a great attention in the 
recent years with respect to the other mentioned methods 
[9]. The low-cost bio-sorbents such as agricultural wastes 
have functional groups in their structure that have a strong 
tendency to adsorb pollutants [10]. However, the application 

of a crude adsorbent has important drawbacks such as a low 
adsorption capacity [9, 11]. By treating the agricultural 
wastes using the chemical reagents such as acids or amines, 
one can load an extra functional group on the surface of the 
adsorbent and, therefore, improve its efficiency [1, 12, 13].

In the present research work, pine cone (PC), as an abun-
dant agricultural waste, was treated to refine the effluent con-
taining lead ions. Like other lignocellulosic materials, PC 
has a large amount of hydroxyl groups that can be employed 
as reactive sites to synthesize an adsorbent with specific 
properties [10]. These functional groups have lone pairs of 
electrons that can be attacked by the electrophiles such as 
the carbonyl group in organic reactions [9]. Therefore, in 
this context, we intended to modify PC using isopropylidene 
malonate (as an esterification agent) and study the adsorp-
tion efficiency of carboxylate-modified pine cone (CMPC) 
for eliminating lead ions from aqueous media. The influence 
of various experimental factors such as the pH, adsorbent 
dosage, initial lead ion concentration, and contact time on 
the bio-sorption of lead ions was studied. Two adsorption 
kinetic models were employed to analyze the experimental 
data. In addition, the adsorption isotherms and the possible 
mechanism for the adsorption of lead ions onto the prepared 
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adsorbent were described. Finally, the experiments were 
performed on some real samples in order to determine the 
practicality of this novel adsorbent.

Experimental

Materials and standard solutions

PC was gathered from the campus of the Shahrood Uni-
versity of Technology, Shahrood, Iran. The chemicals 
including lead nitrate, sodium hydroxide, toluene, 2,2-iso-
propylidene malonate, sodium bicarbonate, hydrochloric 
acid, sodium chloride, ethylene diamine tetra acetic acid 
disodium (EDTA-2Na), and ethanol were supplied from the 
Merck Company (Darmstadt, Germany) and used without 
any purification. Doubly distilled water was used throughout 
the work.

A stock solution of 1200 mg L−1 of lead ions was pre-
pared by dissolving 0.4844 g of lead nitrate in distilled water 
and diluting it in a 250-mL volumetric flask. The synthetic 
wastewater of lead ions was prepared by diluting appropriate 
volumes of the stock solution.

Apparatus

A Shimadzu flame atomic absorption spectrophotometer, 
model AA-670, equipped with air-acetylene flame and lead 
hollow cathode lamp (wavelength 283.3 nm) was applied 
for quantification of the concentration of lead ions in the 
solutions.

The pH values for the solutions were measured using a 
Metrohm 744 pH meter (Herisau, Switzerland) equipped 
with a combined glass electrode. Stirring of the solution was 
made using a Heidolph magnetic stirrer (MRHei-standard). 
The X-ray diffraction (XRD) patterns were recorded using 
an XRD diffractometer (model pw1730). The functional 
groups and surface morphology of CMPC were studied 
using an FT-IR spectrophotometer (WQF-520) and a field 
emission scanning electron microscope (Zeiss sigma 300 
HV-Germany), respectively.

Preparation of adsorbent

Initially, the collected PC was grounded using a ball mill. The 
powdered sample was filtered through a sieve to obtain parti-
cles of identical size. Then an alkaline treatment was applied to 
release the hydroxyl functional groups and remove the natural 
fat and wax present in it [14, 15]. In this regard, 10 g of the pre-
pared powder was placed in 250 L of a 0.1 M NaOH solution. 
The slurry was stirred for 24 h, and then, the filtered mixture 
was neutralized with distilled water. The dried alkaline-treated 
adsorbent and isopropylidene malonate with different ratios 
(1:1, 1:2, 1:3, 1:4, and 1:5) were refluxed in toluene (30 mL) 
at 110 °C for 6 h. After cooling the mixture, it was washed 
with ethanol, NaHCO3 solution (0.1 M), and distilled water 
for several times. Finally, the modified pine cone was dried at 
100 °C. The optimum ratio for the dried alkaline-treated adsor-
bent and isopropylidene malonate was found to be 1:2. The 
relevant chemical reaction is demonstrated in Fig. 1 [16, 17].

Batch metal adsorption studies

The batch adsorption experiments were carried out by placing 
a specific quantity of CMPC in a 50 mL solution containing 
a definite concentration of lead ions. The initial solution pH 
was adjusted by a dilute HCl or NaOH solution. The resulting 
solution was stirred at a rate of 250 rpm in order to investigate 
the effects of the factors influencing the adsorption procedure. 
Next, at the predetermined times, 3 mL of the sample solution 
was centrifuged at 3000 rpm for 1 min. The remaining concen-
tration of lead ions was quantified using flame atomic absorp-
tion spectrometry at its maximum wavelength (λ = 283.3 nm) 
and a calibration graph was constructed by standard solutions 
of lead ions. After determination of the lead ion concentration, 
the uptaked amounts of lead ions per weight of the adsorbent at 
time t (qt,i) and the removal percentage of lead ions (R%) were 
calculated using Eqs. (1) and (2), respectively:

(1)qt =

(

C
0
− Ct

)

V

W

(2)R(%) = 1 −
Ct

C
0

× 100

Fig. 1   Modification mechanism for PC
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where C0 is the initial lead concentration (mg L−1), Ct is 
the remaining lead concentration at time t (mg L−1), W is 
the weight of CMPC used (g), and V is the volume of the 
solution (L).

Results and discussion

Characterization of PC and CMPC

The structural and crystallographic makeup of PC and 
CMPC were specified using the X-ray diffractograms 
(Fig. 2). For the raw PC, the important characteristic peaks 
for cellulose (I) were identified at 2θ = 15.7°, 21.3°, and 
34.4° [18, 19]. These peaks indicate that the raw PC mainly 
has organized crystalline cellulose. After treatment, a lit-
tle shift in the cellulosic peaks and a substantial decrease 
in their intensities were detected, which were due to the 
decrease in the crystalline cellulose content. Similar results 
have been reported by other researchers [17, 19–21].

The FT-IR spectra (Fig. 3) show the presence of abun-
dant functional groups in the raw PC and CMPC. Before 

modification with carboxylic acid, the adsorbent exhibits 
bands at 1460 cm−1 and 2925 cm−1, representative of the 
bending and stretching vibrations of the methyl and meth-
ylene groups [4, 20]; bands at 1730 cm−1 and 1624 cm−1, 
indicative of the stretching vibration of the C = O bond in 
non-ionic and ionic carboxyl groups, respectively; a band for 
the stretching vibration of O−H at 3428 cm−1; and a band 
for the phenyl ring skeletal vibrations of lignin at 1517 cm−1 
[10]. For CMPC in the acidic and basic forms (Figs. 3b and 
c), the new bands appearing at 1155 and 1748 cm−1 are 
related to the stretching vibrations of C–O and C=O in the 
ester, respectively. It should be noted that the band for C=O 
at 1745 cm−1 is the result of overlapping of the absorption 
at 1712 cm−1 for carboxylic acid with that at 1750 cm−1 for 
C=O bond in the ester [17, 19, 22, 23]. In the basic form 
of CMFC, the asymmetric and symmetric stretching vibra-
tions of carboxylate groups at 1608 cm–1 and 1380 cm–1 aug-
mented. This specifies that a fraction of carboxylic groups 
was changed to the carboxylate ions.

After adsorption of lead ions onto the prepared adsorbent, 
the characteristic FT-IR absorbance peaks shifted signifi-
cantly. For instance, the peaks at 3428 cm−1, 1624 cm−1, and 
1381 cm−1 shifted to 3410 cm−1, 1572 cm−1, and 1375 cm−1, 

Fig. 2   X-ray diffractograms for a bare PC, b NaOH-treated PC, and c CMPC
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respectively. This can be attributed to the connection of lead 
ions to the functional groups, especially to the oxygen-con-
taining groups [4] because lead ions have been recognized as 
intermediate ions and, therefore, an affinity with two types 
of intermediates and hard ligands containing oxygen atoms 
[24].

The field emission scanning electron microscopy 
(FESEM) images presented in Fig. 4 display a clear change 
in the morphology of the adsorbent surface. As it can be 
seen in this figure, after modification, the adsorbent has a 
rougher surface. This property is beneficial for metal adsorp-
tion [24]. By adsorption of lead ions, the surface of the bio-
sorbent became smoother.

Moreover, a comparison between the energy-dispersive 
X-ray diffraction (EDX) images for CMPC before and after 
bio-sorption of lead ions demonstrates that the loading of 
lead ions on the surface of bio-sorbent takes place success-
fully (Fig. 5).

Effect of initial pH

The solution pH is the most important factor affecting the 
removal efficiency of metal ions from aqueous environments 
[20, 25]. Thus in this research work, the effect of the initial 
pH value on the adsorption of lead ions on the prepared 
adsorbent was investigated by adding 0.020 g of CMPC to 
50 mL of 100 mg L−1 of lead ions. The initial pH value 
was changed from 3 to 5.5 using a dilute solution of HCl 
or NaOH. It should be noted that higher pH values were 
not investigated because lead ions would precipitate in the 
form of hydroxides at pH values higher than 5.6. The data 

obtained (Fig. 6) clarify that at a highly acidic pH value, due 
to the competition between the H+ ions and the lead ions for 
adsorption on the surface of the bio-sorbent, the adsorption 
efficiency of lead ions decreases. However, by increasing 
the pH value, the concentration of H+ ions reduces. Con-
sequently, the adsorption efficiency of lead ions increases 
and reaches maximum values at the pH interval of 4.80–5.5. 
Since the pH values for the electroplating wastewater, pig-
ment wastewater, and printing wastewater were commonly to 
some extent acidic [1], pH = 4.8 (the same pH as the initial 
lead ion solution) was chosen as the optimal one and used 
in the next steps.

Effect of adsorbent dosage

The adsorbent dosage is another important factor involved 
in the adsorption process because it specifies the capacity of 
the proposed adsorbent for a definite quantity of the adsorb-
ate [26]. In order to determine the optimum value for this 
parameter, different dosages of CMPC (0.010–0.030 g) were 
contacted with 50 mL of the lead ion solution (120 ppm) 
at pH = 4.8, and the removal percentages of the lead ions 
were calculated. The derived data (Fig. 7) revealed that 
the removal efficiency improved with the increase in the 
adsorbent dosage. This behavior is due to the increase in 
the surface area and binding sites on the bio-sorbent, which 
causes an easier penetration of the metal ions into the active 
sites. As it can be seen in Fig. 7, the maximum removal 
efficiency of lead ions was detected with an adsorbent dos-
age of 0.020 g, and therefore, this value was selected as an 
optimum one.

Fig. 3   FT-IR spectra for a bare 
PC, b NaOH-treated PC, c 
CMPC in acidic form, d CMPC 
in basic form, and e CMPC after 
adsorption of lead ions
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Effects of initial concentration of lead ions 
and contact time

In order to investigate the effect of the initial concentra-
tion of lead ions, 0.40 g L−1 of CMPC was mixed with 
50 mL of the solutions containing various concentrations 
of lead ions in the range of 80–210 mg L−1; the relevant 
findings are shown in Fig. 8. According to these results, the 
removal efficiency (Ri) and the initial Pb ion concentration 
have an inverse relation. In other words, by increasing the 
initial pollutant concentration, the removal percentage (Ri) 
decreased. These results can be explained based on the ratio 
of the available active sites of the bio-sorbent to the lead 
ions. This ratio is high at low lead ion concentrations, but at 
upper initial lead ion concentrations, due to the occupancy 

of the binding sites, the value for this parameter is less, and 
therefore, Ri is diminished.

The equilibrium time is known as one of the most essen-
tial factors involved for designing the economical waste-
water purification systems [27]. Consequently, in order to 
determine the time required for the equilibrium, the removal 
efficiency of lead ions (in different concentration ranges) 
against the contact time was investigated (Fig. 9). The data 
obtained explain that in the first 2 min, the adsorption rate 
of lead ions is rapid, which is related to the abundance of 
the active sites on the surface of the adsorbent and a high 
concentration gradient of the pollutant. However, at higher 
times, owing to the decrease in the concentration gradient of 
the pollutant and active sites and the repulsion force between 
the lead ions adsorbed onto the bio-sorbent and the lead ions 

Fig. 4   SEM micrographs for a NaOH-treated PC, b CMPC, and c CMPC after adsorption of lead ions
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existing in the aqueous solution, the adsorption rate gradu-
ally slows down [28], and lastly, at the equilibrium times (in 
20–25 min), the rate of the adsorption process is almost con-
stant for all the studied lead ion concentrations. The rapid 
adsorption of the metal ion pollutant is probably created 
from the fast coordination between the lead ions and the 
active donor atom sites present on the sorbent. This result is 
very important in the economy clean-up of the toxic metal 
ions from the effluents [24].

Kinetic investigation

In order to specify the mechanism and the adsorption rate, 
which is essential for designing the sorption industrial col-
umns, the adsorption kinetics should be studied [24, 29]. 
In this regard, the concentration changes of lead ions as a 

Fig. 5   EDX spectra for CMPC before (a) and after adsorption of lead ions (b)
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function of contact time were calculated, while the adsorbent 
dosage and the solution pH value were fixed at optimum 
values (pH = 4.8, adsorbent dosage = 0.04 g). Then two com-
monly used rate models (pseudo-first-order and pseudo-sec-
ond-order [Eq. (3) and (4)] were employed for the simulation 
of the kinetic data [9]:

where the variables qt and qe are the uptaked amounts of 
lead ions at time t and equilibrium time (mg/g), respectively, 

(3)ln
(

qe − qt
)

= ln
(

qe
)

− k
1
t

(4)
t

qt
=

1

k
2
q2
e

+
1

qeq
t

k1 (min−1) is the rate constant of the pseudo-first-order 
model, and k2 (g min mg−1) is the rate constant of the 
pseudo-first-order model. In the pseudo-first-order kinetics 
model, the constants k1 and qe are derived from the slope 
and intercept of the straight-line graph of ln(qe–qt) versus t, 
whereas for the second-order kinetics model, the constants 
k2 and qe are derived from the intercept and slope of the 
straight-line graph of (t/qt) versus t, respectively. The value 
for qe, extracted from the related graph, is detected as the 
predicted qe (qe,pred). According to the data obtained (Fig. 10 
and Table 1), the values for this parameter, predicted by the 
second-order kinetics model, are much closer to the experi-
mental ones in comparison with the values predicted using 
the first-order kinetics model for all the concentrations of the 

Fig. 9   Effect of contact time 
on the removal percentage of 
lead ions at different concen-
trations (conditions: solution 
volume = 50 mL, pH = 4.8)
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pollutant studied. The R2 value is another reason for a better 
agreement of the experimental data with the pseudo-second-
order kinetic model [17, 27]. The adaptability with this type 
of kinetic model implies that the sorption of lead ions onto 
the presented adsorbent is chemisorption, approving that the 
functional groups are responsible for the adsorption of metal 
ions [24].

Investigation of adsorption isotherms

The applicability of a new adsorbent was specified by differ-
ent physicochemical constants like the adsorptive capacity. 
In order to obtain such parameters, it is necessary to study 

the adsorption isotherms [30]. In the present research, the 
experiments were conducted by two common theoretical iso-
therms [Freundlich and Langmuir (Table 2)]; the theoretical 
background of these models can be found elsewhere [9]. 
The evaluation of the prediction accuracy and the quality of 
fitness of the experimental data were made by calculation 
of the correlation coefficient (R2). The model that had the 
largest R2 value was elected as the best model [31]. As it 
can be understood from Fig. 11 and Table 3, the Langmuir 
isotherm is more suitable. This isotherm offers a monolayer 
adsorption on the proposed adsorbent [9].

Table 1   Kinetic parameters for 
adsorption of lead ions onto 
CMPC

Conc Pseudo-first-order Pseudo-second-order R2

qe (exp.) qe (cal.) k1 R2 qe (cal.) k2

100 242.31 83.25 0.2066 0.8842 250.00 0.0048 0.9992
120 297.79 112.54 0.1575 0.8860 303.03 0.0038 0.9991
150 318.66 164.28 0.1626 0.8469 322.58 0.0025 0.9971
180 362.22 222.47 0.1782 0.8886 370.37 0.0018 0.9981
210 373.24 173.97 0.1826 0.9346 384.62 0.0023 0.9991

Table 2   Adsorption isotherm 
models for uptake of lead 
ions from aqueous media onto 
CMPC

Isotherm Equation Parameter References

Freundlich ln
(

qeq
)

= ln
(

kf
)

+
1

n
ln ce qeq: adsorbed amount of adsorbate (lead ions) 

per weight of adsorbent at equilibrium time 
(mg/g)

kf: relative sorption capacity (mg/g) (L/mg)1/nF

Ce: remaining concentration of lead ions at 
equilibrium (mg/L)

[27]

Langmuir ce

qe
=

1

qmaxkl
+

1

qmax

ce
kl: Langmuir constant (L/mg)
qmax: maximum adsorption capacity (mg/g)

[1]

R² = 0.9976
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Fig. 11   Adsorption isotherm models a: Langmuir b: Freundlich for adsorption of lead ions onto CMPC
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Adsorption thermodynamic study

In an attempt to observe the effect of the temperature on 
the adsorption capacity and to determine the thermody-
namic parameters, a number of experiments were per-
formed with a concentration of 120 mg/L of lead ions at 
different temperatures using 0.020 g of the adsorbent at 
pH = 4.8. It was realized that with increase in the tem-
perature, the amount of adsorbed metal ion increased. This 
effect can be attributed to the increasing mobility of lead 
ions with rising temperature. Also this result means that 
the adsorption process is endothermic. The thermody-
namic parameters such as entropy (ΔS°), enthalpy (ΔH°), 
and Gibb’s free energy (ΔG°) for the sorption of the con-
sidered ions on the prepared adsorbent were determined 
according to Eqs. (5)–(7):

In the abovementioned equations, Kd is the distribution 
coefficient for adsorption, R is the universal gas constant 
(0.008314 kJ/mol K),ΔS◦ is the standard entropy (kJ/mol 
K), ΔH◦ is the standard enthalpy (skJ/mol), ΔG◦ is the 
standard free energy (kJ/mol), cad is the uptaked amount of 
ions, and T is the temperature of the solution (K) [32]. The 
ΔH° and ΔS° parameters were computed using the slope 
and intercept of the graph of ln Kd versus 1/T, respec-
tively. The values for these parameters are tabulated in 
Table 4. The positive values for ΔS° point out that there 
is an increase in the disorder or randomness at the solid/
solution interface during the adsorption of ions onto the 
prepared adsorbent. The positive values for ΔH° reflect 
the endothermic nature of the adsorption process, and the 

(5)lnKd =
ΔS

◦

R
−

ΔH
◦

RT

(6)Kd =
cad

ce

(7)ΔG
◦

= −RT lnKd

reduction in the ΔG° values represents the feasibility of 
the adsorption while the temperature is raised. Similar 
results have been reported for the endothermic nature of 
the adsorption process in the removal of Cu(II) and Pb(II) 
ions onto potassium hydroxide treated pine cone powder 
[33].

Comparison between adsorption capacities 
of proposed adsorbent and some recently reported 
adsorbents

Table 5 displays a comparison between qmax of the pro-
posed adsorbent and some other adsorbents reported for the 
adsorption of lead ions. With respect to the other adsor-
bents, CMPC shows a comparable or better adsorption per-
formance. This result is due to the type and amount of the 
functional groups existing at the surface of the modified 
adsorbent [34].

Regeneration

From an economic viewpoint, a good absorbent should not 
only have the right absorption capacity but also should have 
a suitable regeneration [31]. Thus the regeneration experi-
ments were performed using the HCl, HNO3, and EDTA-2Na 

Table 3   Parameters of adsorption isotherms and regression coeffi-
cients assessed for adsorption of lead ions

Adsorption isotherm Parameter

Freundlich
kf 211.2622
n 7.1174
R2 0.7972

Langmuir
kl 0.1923
qmax 400.00
R2 0.9976

Table 4   Thermodynamic parameters for adsorption of lead ions onto 
the prepared adsorbent

T(K) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (kJ/mol K)

278 − 2.3649 163.53 0.5967
288 − 8.3322
298 − 14.2997

Table 5   Comparison between the adsorption capacities of some 
reported adsorbents for removal of lead ions

Adsorbent qm (mg/g) Refer-
ences

Phyllostachys pubescens 138.5 [1]
Saffron flower waste 45.6 [4]
CFWNS 192.3 [9]
Composite material 175.6 [25]
KOH MPC 26.27 [33]
Modified mercerized bagasse 500 [35]
ZIF
NiTiO3

153 [36]

Metallo-yttrium silicate 337.8 [37]
H2SO4 MPC 321 [38]
PC-H50 148.3 [39]
CMPC 400.00 This work
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solutions. In this procedure, 1.00 g of the adsorbent spent was 
added to 15 mL of 0.1 mol L−1 of the mentioned solvents, 
separately, and the resultant suspension was stirred for 1 h. 
Then the adsorbent was washed with distilled water for its 
neutralization. After that, 0.020 g of dried CMPC was applied 
for the removal of 120 mg L−1 of lead ions. The experimental 
data demonstrated that the efficiency of the proposed adsorbent 
decreased to 30% after three cycles of regeneration with HNO3 
or HCl. However, the adsorption efficiency was 53% after three 
cycles of regeneration with EDTA-2Na. Thus EDTA-2Na was 
selected as the desired eluent solvent. Breaking the ester bonds 
is the most important reason for reducing the efficiency of the 
adsorbent in acidic environments [9].

Applicability for real water samples

The applicability of the proposed adsorbent was investigated 
for the removal of lead ions from the samples of tap water 
(Shahrood and Jajarm, Iran) by the standard addition tech-
nique. The results obtained showed that the removal percent-
age was decreased up to 82% (Fig. 12). This is due to the 
competition between the different ions present in the solu-
tion for the occupancy of the active sites. These results show 
that the adsorbent has an outstanding potential for removing 
lead ions from the real water samples.

Conclusions

Pine cone (PC) is a type of low-cost and locally accessi-
ble agricultural waste. In this research work, we demon-
strated that treating PC with carboxylic groups is an effec-
tive method for the production of an effective and suitable 
adsorbent for removing lead ions from aqueous solutions.

A summary of the most important results obtained in this 
work is as follows:

•	 The removal of lead ions from aqueous solutions 
increased by increasing the pH value, and the maximum 
removal occurred at the pH value of 4.8.

•	 The adsorption of lead ions could reach an equilibrium 
at 25 min. The rapid adsorption of this pollutant can be 
ascribed by the numerous functional groups present on 
carboxylate-modified pine cone (CMPC).

•	 The adsorption process followed a pseudo-second-order 
kinetics, signifying that a chemical adsorption took 
place.

•	 Compared to the Freundlich isotherm, the Langmuir 
isotherm model can explain the behavior of the adsorp-
tion of lead ions with a higher accuracy. Therefore, the 
adsorption of lead ions seems to be a multi-layer adsorp-
tion on a heterogeneous surface.

•	 At the optimum experimental conditions, qmax for adsorp-
tion of lead ions on CMPC was found to be 400.00 s, 
which was comparable or better than the values reported 
in the literature.

•	 The thermodynamic factors such as ΔG° and ΔH° dis-
played that the adsorption of lead ions was spontaneous 
and endothermic.

•	 The proposed adsorbent could be reused for at least three 
cycles for eliminating lead ions using EDTA-2Na.
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