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Abstract: The efficiency of Azadirachta indica (neem leaves) on the removal of Pb(II) ions by adsorption
from aqueous solution was investigated in this study. The efficiency of these leaves (without chemical
or thermal treatment) for the adsorption of Pb(Il) ions has not previously been reported. Batch
experiments were performed to study the effect of the particle size, pH, adsorbent dose, contact time,
initial Pb(I) ion concentration, and temperature. The maximum removal of 93.5% was achieved
from an original Pb(II) ion solution concentration of 50 mg/L after 40 min, at pH 7, with 0.60 g of an
adsorbent dose. The maximum adsorption capacity recorded was 39.7 mg/g. The adsorption process
was also studied by examining Langmuir, Freundlich, Temkin isotherm, and Dubinin-Radushkevich
(D-R) isotherm models. The results revealed that the adsorption system follows the pseudo-second-
order model and fitted the Freundlich model. Several thermodynamic factors, namely, the standard
free energy (AG°), enthalpy (AH?), and entropy (AS°) changes, were also calculated. The results
demonstrated that the adsorption is a spontaneous, physical, and exothermic process. The surface
area, pore size, and volume of adsorbent particles were measured and presented using a surface area
analyzer (BET); the morphology was scanned and presented with the scanning electron microscope
technique (SEM); and the functional groups were investigated using p-FTIR.

Keywords: biosorption; isotherms; lead (II); Azadirachta indica leaves

1. Introduction

Industrial activities have significantly contributed to environmental pollution. Toxic
metals are one of the major pollutants causing serious damage to the environment, in
addition to being a documented source of many diseases [1]. The heavy metal pollutants
in wastewater are highly toxic, hazardous to plants and animals, and result in a shortage
of clean water [2,3]. Lead is among these toxic elements, and has acute and chronic
health effects on humans [4]. Lead pollution affected nearly 18-22 million people in 2010,
motivating an investigation of water purification processes [5].

With respect to metal removal, wastewater purification includes various methods,
such as biosorption, adsorption, electrochemical treatments, and oxidation [6,7]. Heavy
metal biosorption is one of the favorable fields of remedy due to the low cost and easy
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accessibility of raw materials, as well as their eco-friendly nature [8]. Other benefits
of biosorption are the selectivity for particular metals; low operational time; and most
importantly, the absence of chemical waste generation [9]. Different types of cheap plant
materials have been investigated as prospective biosorbents for heavy metals [10].

Biosorption is known to be more effective in removing lead metal contaminants from
aqueous solutions, where the efficiency rate in batch adsorption tests is higher than 90% [11].
However, the success of biosorption in the removal of lead metal from wastewater depends
on several experimental parameters, such as the temperature, pH, and original solution
metal concentration [12,13]. The biosorption removal of Pb(Il) ions using natural biosorbent
from cactus cladodes revealed that the particle size, mass of biosorbent, and contact time
are additional factors influencing the operation success [14]. The optimum biosorption
of Pb(Il) ions increases with an increase in the biosorbent particle size and dosage [14,15].
Various natural materials have been used for lead removal. These include pumpkin seeds,
bamboo, cocoa shells, coconut shell, calotropis roots, peanut shells, Moringa bark, orange
bark, cashew nut shells, and activated carbon (maize tassel, periwinkle shells, oil palm,
and rice husk) [16,17]. Other natural materials have been reported to be efficient sorbents
for various pollutants. Platanus orientalis leaf powder was used as an efficient sorbent for
Cu(Il) ion removal from aqueous solutions. The maximum adsorption capacity for this
material was determined to be 49.94 mg/g [18]. Urtica has been reported as an effective
sorbent for the removal of Methylene Blue dye from aqueous solutions, with a maximum
adsorption capacity of 101.01 mg/g [19].

The chemical screening of neem leaves showed positive results for steroids, saponins,
flavonoids, alkaloids, tannins, and amino acid [20]. Most of these constituents possess
electron withdrawing groups which may enhance the adsorption capacity of the neem
leaves.

This study aims to evaluate Azadirachta indica leaves’ powder (AILP) as an eco-friendly,
efficient, and cheap biosorbent for Pb(II) ion removal.

2. Materials and Methods
2.1. Preparation and Adsorption Processes

Azadirachta indica (neem leaves) samples were collected from Jizan city, south of Saudi
Arabia, and washed with deionized and distilled water. Then samples were dried at room
temperature. The leaves were ground by a grinder into powder form, before being sieved.
A stock solution of 50 mg/L was prepared using Pb(NOg3), (Sigma-Aldrich, Saint Louis,
Missourl, USA, ACS reagent > 99%.)

2.2. Batch Adsorption Experiment

Batch experiments were performed using 250 mL stoppered bottles containing the
desired mass at a pH of 5.5 with 50 mL of Pb(Il) solution (50 mg/L). The mixture was shaken
at 298 K (except when examining the temperature effect) by a temperature-controlled water
bath shaker. At the end of the shaking time, the solid adsorbent was isolated from the
solution by filtration, and the remaining concentration of Pb(II) ions was then determined
using an atomic absorption spectrometer (AAS) (SpectrAA 220, Varian, UK). Parameters
influencing the sorption efficiency were investigated by changing one factor and keeping
the others constant. The adsorption extent was determined using Equation (1):

Co— C
qe = 2 M . X V’ (1)
where V is the volume of the Pb(II) solution in the bottle, qe is the metal uptake capacity
(mg/g), M is the mass of AILP (g), C, is the initial Pb(Il) concentration, and C, is the
Pb(II) concentration at equilibrium. The total removal efficiency (R%) was calculated using
Equation (2).
Co— Ce

R% =
% c.

x 100 )
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The investigated parameters, including the particle size, shaking time, mass of adsor-
bent, temperature, and solution concentration, were investigated.

2.3. Characterization of AILP

The surface area, pore-volume, and pore size were investigated using a Quanta
Chrome NOVA 4200E Surface Area Analyzer. The morphology of the powder was exam-
ined using a Jeol 6360 (Japan) scanning electron microscope at an accelerating voltage of
20 kV. The functional groups of the powder before and after adsorption were investigated
by p-FT-IR (Cary 630 FTIR from Agilent, Santa Clara, USA) in the range of 4004000 cm !

at a spectral resolution of 8 cm 1.

2.4. Reusability of AILP

AILP was reactivated by vigorous shaking in an excess quantity of de-ionized water
for 12 hrs. AILP was separated by filtration and then dried by heating it overnight at
105 °C. The optimal conditions were maintained throughout all reusability experiments.

3. Results
3.1. Characterization of AILP
3.1.1. Surface Area of AILP

The AILP sample exhibited a high surface area of 183 m?/g, enhancing its adsorption
capabilities. The results revealed that the average pore diameter is 10.3 nm and the total
pore volume is 0.355 cm®/g. Comparative data are given in Table 1. These data demonstrate
that the AILP surface area is larger than that of the reported sorbents, indicting a high
adsorption capacity.

Table 1. The surface area, total pore volume, and average pore diameter for various adsorbents.

Adsorbent Surface Area (m?/g) Total POI‘(; Volume Average Pore Diameter Reference
(cm?>/g) (nm)
AILP 183 0.335 10.3 This study
Date seeds 124 0.469 9.8 [21]
P(AN-AA)/AMP composite 39 0.35 344 [22]
Red clay 35 0.57 6.5 [23]
Modified sugarcane 7 0.15 Not reported [24]

3.1.2. IR Spectrum

The p-FT-IR spectrum is used to estimate the contribution of functional groups on
the adsorbent surface in the adsorption process. The FI-IR analysis was performed before
and after the adsorption process (Figure 1). The results revealed distinguished bands of
Pb-O stretching vibrations that appeared at 462 cm~! and OH stretching of the hydroxide
groups. These bands may confirm the adsorption of Pb(II) ions on the adsorbent surface.
Other bands appeared at 1298, 1350, and 1723 cm~1, and these bands are probably related
to the stretching of -C-N-, -C=N-, and -C=C-, respectively, in polyheterocycles. However,
the FT-IR spectra of the adsorbent before and after adsorption were very similar due to the
physisorption process.
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Figure 1. FT-IR spectrum of Azadirachta indica leaves’ powder (AILP) before and after adsorption.

3.1.3. Scanning Electron Microscope (SEM)

The SEM images of AILP before and after adsorption are presented in Figure 2. The
SEM images illustrate differences in the surface morphologies of the AILP surfaces before
and after adsorption. The surface of the AILP before adsorption showed micro flakes with
an approximate size of 0.5 pum (Figure 2a). Additionally, the analysis of the AILP surface
after adsorption revealed differences in the surface structure and the adsorption process
led to the formation of many floccules and spots due to the adsorption of Pb(II) ions on the
AILP surface, leading to a rough appearance.

(b)

Figure 2. Scanning Electron Microscope (SEM) images of the AILP surface (a) before and (b) after adsorption.

3.2. Effect of the Adsorbent Particle Size

The removal efficiency of Pb(Il) ions from aqueous solutions by the AILP increased
from 82.9% to 99.1% as the AILP size decreased from 800 to 100 pum, at 298 K, for a 50 mg/L
initial Pb(II) ions concentration (Figure 3). With a decrease in AILP particle sizes, the
surface area of the AILP increased, so the number of active sites accessible on the AILP
surface had a better exposure to the adsorbate. Similar findings have also been reported by
other researchers [12].



Processes 2021, 9, 559

50f15

105

100 4 }-

95
90 4 \

85 -

removal efficiency%

80

—rrTr7r—7r—— 7177
0 100 200 300 400 500 600 700 800 900
particle size of AILP, pm

Figure 3. Effect of the adsorbent particle size.

3.3. Effect of the pH

The maximum adsorption was achieved at pH 5.0 (Figure 4). It is presidentially noted
that with a pH higher than 5.0, the adsorption activity decreased sharply. However, at
pH values lower than 5.0, the adsorption process could be hindered by the existence of a
high concentration of positive hydrogen ions, and the adsorption sites became positively
charged, exerting a repelling effect on the Pb(Il) cations. With an increase in the pH, the
negative charge density on AILP increased as a result of deprotonation of the metal-binding
sites, hence increasing the metal uptake; such findings are in agreement with previous
studies. It is well-known that lead ions start to precipitate above pH 5.0-6.0 in the form of
Pb(OH),, suppressing the adsorption of lead ions [1].

100

90
80
70-
60
50
40
30

Removal efficiency %

204
104

0 T T T T
0 2 4 6 8 10
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Figure 4. Effect of the pH on the removal efficiency of Pb(Il) ions by AILP.

3.4. Effect of the Adsorbent Dosage

To investigate the effect of the sorbent mass on the efficiency of the adsorption process,
a series of batch experiments were conducted with various sorbent masses of 0.05, 0.10,
0.20, 0.30, 0.40, 0.60, 0.80, and 1.0 g per 50 mL of aqueous solution of Pb(II) ions. The effect
is presented in Figure 5. As the mass of the sorbent increased, the adsorption efficiency
also increased. This can be attributed to an increase in the AILP surface area with its mass.
The maximum adsorption efficiency for Pb(II) ions was achieved at 0.60 g/50 mL. From
the results, it is clear that an increase in the adsorbent mass above 0.6 g had no effect on the
adsorption efficiency of Pb(II) ions from the aqueous solution.
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Figure 5. Effect of the adsorbent mass on the removal efficiency of Pb(II) ions by AILP.

3.5. Effect of the Agitation Time

The effect of the agitation time on the adsorption of Pb(Il) ions using the AILP is
presented in Figure 6. The results showed that the time of 40 min was sufficient for
achieving the optimum adsorption, without any influence from increasing the contact time.
As demonstrated in Figure 6, the adsorption process could be divided into three phases.
The first phase was significantly fast, representing about 88% removal within 30 min. The
second phase showed slower adsorption. The first stage was caused by the large surface
area of the AILP. With the progressive occupation of these sites, the process became slower
in the second stage due to less adsorption sites being available for Pb(II) ions. The third
phase was the desorption of Pb(Il) ions from the AILP surface. Some of the adsorbed Pb(II)
ions might have leached from the AILP into the solution and this is probably a result of the
long agitation time.

100
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6. }/
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80 d T d T d T d T d
0 20 40 60 80 100

Agitation time, min

Figure 6. Effect of the agitation time on the removal efficiency of Pb(II) ions by AILP.

3.6. Adsorption Kinetics

The aim of investigating the adsorption kinetics is to explore the mechanism of
adsorption and evaluate the efficiency of the adsorbent. The pseudo-first-order, pseudo-
second-order, and intra-particle diffusion kinetic models were used to investigate the
obtained data on the adsorption of Pb(Il) ions on the AILP.
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3.6.1. Pseudo-First-Order Kinetic Model
The equation of this model is given by Equation (3):

In(q, — q;) = —kt+Inq,, 3)

where ge is the amount of solute (mg/g) removed at equilibrium, q; is the quantity of
solute adsorbed at any time (t), and k is the rate constant. It was found that the data do not
fit this model (R? = 0.0006).

3.6.2. Pseudo-Second-Order Kinetic Model
The equation of this model is

t 1 t

LA . @)
@ kg q

A typical plot of the pseudo-second-order equation is shown in Figure 7. The straight
line in the plot proves that the experimental data appropriately obey the pseudo-second-
order model. Values of qe and k, were determined from the intercept and slope of Figure 8.
These parameters and the correlation coefficient are presented in Table 2. This agrees with
previous results and explanations [1,25]. It can be concluded from previous studies that
the adsorption kinetics model was governed by the adsorbent nature.

300+
250:
200:
g 150:

100 4

50 -

0 —
0 20 40 60 80 100

Time, min

Figure 7. Pseudo-second-order adsorption kinetics.

3.6.3. Intra-Particle Diffusion Kinetic Model
This model is shown by Equation (5):

qe = kia t'/2 41, ®)

where k;q is the intra-particle diffusion rate constant, mg/g/ min'/2. The value of (kiq)
was calculated from Equation (5) and is presented in Table 2. The relationship between qt
and t'/2 was not linear over the entire time range. The first curved part of the plot can be
attributed to the boundary layer diffusion effects and it represents intra-particle diffusion
controlled by the rate constant k;q (Figure 8).
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Figure 8. Intra-particle diffusion kinetic model.

Table 2. Kinetic parameters of the removal of Pb(I) ions from aqueous solutions by AILP.

Kinetic Model Parameters
Qe (mg/g) 3.00
Pseudo-second-order model ky (g/mg min(/2)) 0.21
R? 0.9976
mg /gktirc:in(l /2) 0.0014
Intraparticle diffusion model I 0328
R? 0.07

3.7. Effect of the Initial Pb(II) Concentration

The effect of the initial concentration of Pb(II) ions on the adsorption efficiency is
presented in Figure 9, where it is evident that the adsorption efficiency of Pb(II) ions
decreased as the initial Pb(Il) ion concentration increased. The decrease in adsorption
efficiency can be attributed to the deficiency of sufficient adsorption sites for accumulating
the large increase of metal ions available in the solution [21].

96

94
92
90

88

86 \}

) T

82

Removal efficiency %)

d T d T d T d T d T
50 100 150 200 250 300
Initial Pb(II) concentration, mg/L

Figure 9. Effect of the initial concentration of Pb(II) ions on the removal efficiency.

3.8. Adsorption Isotherm

The adsorption isotherm models were investigated to explore the interaction mech-
anism of Pb(II) ions on the adsorbent sites [1,21]. The adsorption isotherm models were
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analyzed by specific parameters, whose values express the surface characteristics and affin-
ity of the adsorbent towards heavy metal ion adsorption [21]. Out of numerous isotherm
models, four were examined for this study, namely, Freundlich, Langmuir, Temkin, and
Dubinin—-Radushkevich (D-R) models.

3.8.1. Langmuir Isotherm

Equation (6) presents the Langmuir linear equation:

% — & + L (6)
9de  9Gm b

The results obtained in this study were fitted to the Langmuir isotherm model to
determine the maximum adsorption capacity (qmax) of AILP on Pb(Il) ions. The linear plot
of Ce/qe vs. Ce (Figure 10a) obtained indicates the applicability of the Langmuir model.
Values of b and qm were calculated graphically from the intercept and slope, respectively,
and are presented in Table 3. From the Langmuir isotherm, the adsorption process can
be classified as follows: when Ry, = 0, a favorable process occurs when 0 < Ry, <1, linear
process occurs when Ry, = 1, and unfavorable process occurs when Ry, > 1. The R, values
for the initial AILP concentrations were between 0.13 and 0.49, which indicates that the
adsorption of Pb(Il) ions on AILP is a favorable process.

3.8.2. Freundlich Isotherm

This is an experimental expression used for adsorption on heterogeneous surfaces
with the interaction between adsorbed molecules. This model suggests an exponential
drop in adsorption energy upon completion of the adsorption centers of the adsorbent.
The linear equation of the Freundlich model is shown by Equation (7) [21]:

Inq, = InK¢ + % InCe, )

where K is the relative adsorption capacity of the adsorbent that is related to the bonding
energy and n is the heterogeneity element stating the deviancy from the linearity of
adsorption. A plot of In ge versus In Ce was used to confirm the Freundlich adsorption
isotherm. Values of K¢ and n were calculated from the intercept and slope (Figure 10b)
and are tabulated in Table 3. An explanation of n, which controls the relationship between
the solution concentration and adsorption, is as follows: If n < 1, adsorption is a physical
process; if n = 1, adsorption is linear; and if n > 1, adsorption is a chemical process. The
obtained n value was found to be 0.60, indicating physical processes.

3.8.3. Temkin Isotherm

In this model, the heat of adsorption AILP molecules in the layer is supposed to
decrease linearly with the coverage of the adsorbent surface because of a reduction in the
adsorbate—adsorbent interactions. The model is defined by Equation (8):

de = BInA+BInC,, (8)

where B = (RT) /by, R is the universal gas constant, and T is the temperature in Kelvin. The
constant by is associated with the heat of adsorption (J/mol). A is the equilibrium binding
constant corresponding to the maximum binding energy.

Values of A and B were determined from the slope and intercept of Equation (6) and
Figure 10c and are shown in Table 3. The b; value was 318 J/mol, indicating physical
adsorption processes [21].
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3.8.4. Dubinin—-Radushkevich (D-R) Isotherm

The D-R Isotherm model is commonly used to conclude the mean free energy of the
adsorption process [1]. The formula of this model is described by Equation (9):

Ing, =Inq,., — Bez, 9)

1
e = RT ln(l—i-Ce) (10)

T denotes the temperature (K), R is the universal gas constant, and qmax and 3 are D-R
isotherm constants. 3 and qmax were obtained from the slope and intercept of Equation (9)
and Figure 10d and the values are presented in Table 3.

The mean free energy of adsorption process, Eg, is defined as the free energy change
when one mole of ions is moved to the solid surface from infinity in solution and was
determined from Equation (11).

where ¢ is defined as

Ef = (11)

=

32
2.4+
3.0+
284 22
264 2.0
& - o
224 £s
E o
224
164
204
144
1.8+ g
18 . T . . : 12
2.0 25 3.0 35 40 0 10 20 30 40 50
InCg Ce
22 5
-
20
10
18
16 o5
14 [ ] :i?
7 =
Tz £ o0
n
10
05
8
& - 1.0
4 T T T r . T T T T T T T T
2.0 25 30 25 20 00 08 10 15 20 26 30 35 40
Inc, o?

Figure 10. Adsorption isotherm models: (a) Langmuir; (b) Freundlich; (c) Temkin; and (d) D-R.

It is well-established that the E¢ value is crucial for predicting the adsorption type.
For 8 < E¢ < 16 kJ/mol, adsorption is considered a chemisorption process, and, when
E¢ < 8 kJ/mol, adsorption is classified as a physical process. In this study, the lower value
of E¢ (2.2 KJ/mol) indicates that the adsorption process was of a physical type.
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Table 3. Adsorption isotherm constants obtained from the four adsorption isotherm models.

Adsorption Model Isotherm Constants Value
qmax (Mg/g) 39.7
Langmuir Kp (L/g) 0.021
R? 0.9756
n 0.6
Freundlich K¢ (mg/g)/(mg/L) 1.0
R? 0.9997
A(L/g) 13
Temkin B 7.8
R2 0.9703
B 1 x 107
D-R Jmax (Mg/g) 4.05
R? 0.9997

3.9. Effect of the Temperature

The temperature effect on the adsorption of Pb(Il) ions on AILP was examined at
a range from 298 to 318 K and is presented in Figure 11. The results revealed that the
adsorption efficiency decreased slightly from 95.9% to 93.4% as the temperature increased
from 298 to 318 K. This can be attributed to the possible damage of adsorption sites at
elevated temperatures.

3.10. Thermodynamic Parameters

Enthalpy AH®, free energy AG°, and entropy AS° changes were determined using
Equations (12)—(14):

AG® = RTInKp, (12)

AG® = AH® — TAS®, (13)
—AH° AS°

anD = T + T, (14:)

where Kp is the distribution coefficient and equivalent to the preliminary Pb(II) concentra-
tion (C,) divided by the final Pb(II) concentration (Ce).

Figure 12 shows a linear plot of In Kp versus 1/T. The thermodynamic parameters
were determined and are presented in Table 4. The negative value of AH® indicates the
exothermic nature of the adsorption process. The positive value of entropy (AS°) proposes
an increased randomness at the solid—solution interface. Negative values of Gibbs free
energy (AG°®) prove that the adsorption process is spontaneous, which becomes more
positive with an increase in temperature. Therefore, this indicates that less adsorption
occurs at elevated temperatures. This is in good agreement with the results obtained from
Figure 10c.

Table 4. Thermodynamic parameters of the adsorption of Pb(II) ions on AILP.

T, K Kp AG, kJ/mol AS, J/mol K AH, kJ/mol
298 24.70 -8.0
308 19.99 —-7.6 40 —18.6

318 15.40 -7.0
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Figure 11. Effect of the temperature on the removal of Pb(II) ions by AILP.

L) L) L) L) L)
000315 000320 0.00325 0.00330  0.00335
1T, K

Figure 12. Plot of In Kp versus 1/T.

3.11. Reusability of AILP

The results of reusing the AILP are presented in Figure 13. It appeared that the
adsorption effectiveness of the AILP decreased gradually with the reusability. The results
confirm that the AILP can be efficiently recycled 2-3 times when removing Pb(II) ions from
their aqueous solutions. The adsorption efficiency of the AILP decreased to 68.5% when it
was reused for a fifth time.

100
93.5%

95 4 91.1%

90 4

—t

85+ 80.3%
80

75 72.0%

removal efficiency %

1 68.0%
704

65 -

1 2 3 4 5
Reusability

Figure 13. The reusability of AILP.
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3.12. Possible Adsorption Mechanism

The adsorption of Pb(Il) ions on the AILP surface possibly jointly occurs by means of
chemical interactions and physisorption. The ATR-FT-IR analysis proves that a Pb-O bond
is formed after the adsorption process; on the other hand, values of AG® and b; suggest a
physisorption process.

3.13. Comparison of AILP with Other Sorbents

An evaluation of qmax of the AILP according to the reported qmax values for other
biosorbents is shown in Table 5. Variances in qmax can be attributed to the specific nature
and properties of each adsorbent, surface area, and construction of the adsorbent. Mak-
ing this comparison with other adsorbents confirms that AILP is a good and promising
adsorbent.

Table 5. Comparison of AILP and other biosorbents.

Adsorbent Qmax Kinetics Isotherm References

AILP 39.7 2nd order Frendluich This study
Juniperus procera 30.3 2nd order Langmuir [1]
Coconut shell 22.6 1st order Langmuir [26]
Pumpkin seed shell 14.3 2nd order Langmuir [27]
Cashew nut shell 17.8 2nd order Frendluich [28]
Polypyrrole-based AC 50.0 2nd order Frendluich [29]
Polygonum orientale Linn 98.4 2nd order Langmuir [30]

4. Conclusions

In this study, Azadirachta indica leaves’ powder (AILP), which is a natural adsorbent
material, eco-friendly, and inexpensive, was investigated. AILP was used for the removal of
Pb(II) ions from aqueous solution. The removal efficiency reached above 95%. The powder
of the leaves spontaneously retained considerable amounts of Pb(Il) ions. The maximum
adsorption capacity for neem leaves was determined as being 39.7 mg/g. Experimental
investigations defined the optimum conditions for the competent removal of 50 mg/L
of Pb(Il) ion to be 0.60 g, 40 min of contact time, and a pH of 7. These are significant
characteristics for this tested adsorbent, making it an excellent choice for cleaning polluted
water due to it (1) being a natural material and (2) cost-effective, as it requires no chemical
treatment; (3) its availability, with this material being abundantly available in the region;
and (4) its effectiveness, with it being capable of removing Pb(II) ions with a high efficiency.
These positive characteristics would make this adsorbent a suitable candidate for removing
other poisonous metal ions.
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