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a b s t r a c t
Heavy metal such as lead (Pb(II)) is non-biodegradable and bio accumulative that posture a threat 
to our health when it presents in huge amount in our bloodstream. It comes from mostly chemi-
cal industrial processes into wastewater. In this study, we reported the adsorption of Pb(II) onto 
palm leaves from an aqueous solutions. The characterization results illustrated that the palm 
leaves have a mesoporous structure with a pore volume of 0.017 cm3/g. The successful removal of 
Pb(II) ions by palm leaves was confirmed by using Fourier transform infrared and scanning elec-
tron microscopy analysis. The influence of contact time, mass of palm leaves, initial concentration 
of Pb(II) in aqueous solution, temperature and pH on the removal of Pb(II) was explored. Kinetic 
study represented that Pb(II) adsorption fitted to pseudo-second-order model with a correlation fac-
tor (R2) of 1. The equilibrium outcomes showed that the experimental data followed to Langmuir 
isotherm with an R2 of 0.990 and a maximum adsorption capacity of 57.4 mg/g. Adsorption ther-
modynamics investigation showed that Pb(II) adsorption onto palm leaves was an endothermic, 
feasible and spontaneous. The palm leaves demonstrated a removal efficiency of more than 59% of 
Pb(II) after 5 consecutive adsorption/desorption cycles. Hence, the palm leaves could be employed 
as an excellent candidate for Pb(II) adsorption from aqueous solutions.
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1. Introduction

Lead is one of the most toxic metal among heavy met-
als for the human health especially for children because of 
the fact that, their growing bodies can absorb higher quan-
tities of Pb(II) than adults [1–3]. It has fuels applications in 
explosive manufacturing, printing, pigments manufacturing, 
and photographic materials [4]. Although Pb(II) is forbid-
den in several products, it is still employed in commercial 
products as automotive batteries, cookware, paints, and 

some Mexican potter glazes [5,6]. Some not dangerous dis-
eases including anemia, diarrhea, and headaches are seen 
at a low concentrations of Pb(II) ions in the blood, while, 
at a higher concentration (>10 μg/L), the liver, kidney, and 
neurological and reproductive systems can be seriously 
damaged [7,8]. Hence, the small concentration of Pb(II) is 
also very toxic for living organism and human being [9,10].

The aquatic ecosystem has been continuously influ-
enced by the direct and indirect removal of industrial 
wastes worldwide, possessing several organic and inorganic 
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pollutants with the industrial revolution and social devel-
opment of human activities [11]. Pb(II) is employed on a 
large scale in many industrial processes and have achieved 
reasonable attention receivable to their toxicity to living 
organisms and non-biodegradability [12]. Further, it is a 
worldwide contaminant because of its many life-terrifying 
effects, namely brain disorders in children. Substantially, 
Pb(II) salts and organic Pb(II) compounds are most dan-
gerous ecotoxicologically. P(II) at pH < 6 is a well-known 
water pollutant even at very low concentrations it is highly 
toxic, receiving to its bioaccumulation characterizations, 
making it harmful to the environment. P(II) species con-
centration extraordinary declined over pH 6 because of the 
formation of Pb(OH)+, Pb3(OH)4

3– and Pb(OH)2(aq) precip-
itates [13]. According to the US Environmental Protection 
Agency, the maximum bearable limit for Pb(II) in drinking 
water is 0.05 mg/L [14]. The report of the Institute for Health 
Metrics and Evaluation showed that yearly deaths of more 
than half a million worldwide are due to the exposure of 
Pb(II). Moreover, anthropogenic activities repeatedly result 
Pb(II) pollution in the environment, particularly through 
wastewater removal [15]. Hence, suitable materials must be 
designed to remove Pb(II) from an aqueous solution.

To date many procedures including ion exchange [16], 
chemical precipitation [17], coagulation [18], floatation 
[19], membrane processes [20], solvent extraction [21] and 
adsorption [22,23] were utilized to remove heavy metals 
from an aqueous solutions. Adsorption as the mostly 
employed procedure among them to remove heavy met-
als due to its significance over other reported methods 
which are easy operation, low cost, production of less 
sludge volume and high efficiency [24–27]. Adsorbents can 
be classified into various groups such as zeolites, chemi-
cal adsorbents, and nano-adsorbents, bio adsorbents [28]. 
A wide range of adsorbents were used to remove Pb(II) 
ions from an aqueous solutions including zeolites, carbon 
based materials, modified nanomaterials and bio sorbents 
[29–31]. However, in the last two decades, the utilization 
of agricultural wastes in elimination of contaminants and 
emerging pollutants is exponentially growing. The date 
palm tree considered one of the oldest basic crops in UAE. 
More than 40 million palm trees are available in UAE 
which makes UAE one of the top ten producers of palm 
in the world. Around 15 to 20 kg of agriculture waste is 
produced annually from each palm tree and most of these 
wastes are transferred out of the farms which are consid-
ered additional cost on the farmers. These wastes including 
the different parts of the tree including branches, fronds, 
leaves, stem barks and rachis. Hence, this great amount 
of wastes can be utilized in environmental applications 
which in turn contribute toward a sustainable system. 
The palm tree leaves in Algeria and Iran were utilized for 
Pb(II) removal and the results demonstrated a promising 
material for the remediation of Pb(II) ions from water. 
However, these studies didn’t cover the application of var-
ious adsorption isotherm and kinetic models. Moreover, 
different kinds of palm trees are globally available. The 
type of palm trees is not mentioned in these studies; in our 
case we have used Phoenix sylvestris generation, a well-
known and widely cultivated palm tree in UAE. Herein, 
we utilized Phoenix sylvestris palm leaves as adsorbent for 

the removal of Pb(II) from aqueous solutions. The adsorp-
tive removal of Pb(II) from aqueous solutions onto Phoenix 
sylvestris palm leaves was not reported to the best of  
our knowledge yet.

In this manuscript, batch adsorption of Pb(II) from 
aqueous solutions onto palm leaves was reported. The 
effect of contact time, mass of adsorbent, initial concentra-
tion of Pb(II) in aqueous solution, temperature and pH on 
the removal of Pb(II) was investigated. FRIR spectroscopy 
was utilized to prove adsorption of Pb(II) onto palm leaves. 
Morphology of palm leaves was studied by using scan-
ning electron microscopy (SEM). For Pb(II) adsorption onto 
palm leaves, kinetics, isotherms, and thermodynamics were 
also revealed. Moreover, the reusability of the palm leaves 
toward Pb(II) ions removal was evaluated by conducting a 
series of adsorption/desorption experiments.

2. Experimental

2.1. Materials

Lead nitrate Pb(NO3)2 (purity ≥ 98%), sodium hydrox-
ide (NaOH, purity ≥ 98%), hydrochloric acid (HCl, purity 
37%) were kindly supplied by Sinopharm Chemical Reagent 
Co., Ltd., Shanghai, China. All the chemicals were uti-
lized as received. Throughout this work, deionized water 
was utilized.

2.2. Adsorbent

The biomass feed (palm leaves) was obtained from 
local palm trees available in the sustainability garden of 
the University of Sharjah, Sharjah, United Arab Emirates. 
The palm tree leaves were washed with deionized water to 
remove dust particles and debris. The leaves were then cut 
into small pieces as seen in Fig. 1 and oven dried at 80°C 
over a 24 h to evaporate water. Finally, the palm leaves 
were grinded at a size of <0.25 mm using ultra centrifugal 
mill (model ZM 200, Retsch, Germany). Fig. 1 illustrates a 
general schematic of palm leaves powder preparation.

2.3. Batch adsorption of Pb(II) onto palm leaves

Adsorption of Pb(II) ions onto palm leaves was per-
formed as described in our previous research [25–27,32–35]. 

 
Fig. 1. General schematic of palm leaves preparation.
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Briefly, a determined quantity of palm leaves was taken into 
a 25 cm3 secured cap culture tube along with 4 cm3 of stan-
dard acid solution and a constant volume of stock radio-
tracer with measured mass of Pb(II) ions concentration 
solution was added. Consecutively, the contents were equil-
ibrated on a wrist-action mechanical shaker (Vibromatic, 
USA) at a rate of 200 RPM for specific intervals of time. 
Then, it was centrifuged at 5,000 rpm for phase separation 
and the supernatant solution was withdrawn for activity 
measurement. The radioactivity of solutions before (Ai) and 
after (Af) equilibrium was calculated with a NaI well type 
scintillation counter (Canberra Inc.) coupled with a counter- 
scaler (Nuclear Chicago). A volume of 1.0 cm3 was nor-
mally used to record activity. All research was recorded at 
room temperature. Each experiment repeated three times 
and average values were presented throughout the manu-
script. The percentage removal of Pb(II) was determined 
using below relationship:

% adsorption=
A A
A
i f

i

−
×100  (1)

where Ai and Af indicate initial and final adsorption of Pb(II) 
(counts/min) into an aqueous solution respectively. Table 1 
provides the detailed experimental conditions of the cur-
rent study.

2.4. Reusability studies

In the regeneration studies, the adsorption experiment 
was carried out by shaking 200 mL of 30 mg/L of Pb(II) and 
600 mg of palm leaves (i.e., adsorbent dose of 3 g/L). Then 
Pb(II) loaded palm leaves were separated from the solution 
by centrifugation and then washed with 200 mL of 0.1 M 
HCl. Desorption experiments were agitated at room tem-
perature using agitation speed of 250 RPM, for 5 h. After 
that, the acid treated palm leaves were washed with DI until 
neutral pH was achieved and then, the same palm leaves 
were used in the next adsorption experiments. This pro-
cedure was followed 5 times.

2.5. Characterization

The Brunner–Emmett–Teller (BET) surface area, pore 
size distribution and pore volume were investigated by 
the nitrogen adsorption/desorption experimentation using 
the NOVATECH LX2 analyzer, Anton Paar, Austria. The 
equipment was degassed at 300°C for 6 h before conduct-
ing the test. Palm leaves were studied before and after 
Pb(II) adsorption by using Fourier transform infrared 
(FTIR spectrometer, Vector 22, Bruker, Germany) contain-
ing resolution of 2 cm−1 and total spectral range of 4,000–
400 cm−1 with attenuated total reflectance. Field emission 
scanning electron microscope (FE-SEM, Sirion200, FEI 
Company, USA) was utilized for investigating morpho-
logical features of palm leaves. The SEM is equipped with 
energy dispersive spectroscopy (EDS, Bruker Xflash 6/60, 
Germany) used for elemental analysis. The zero point 
of charge (pHPZC) was evaluated by the pH drift method 
[36]. Briefly, 20 mg of palm leaves powder was added to 
6 containers containing 20 mL of 0.1 M NaCl. The pH of 
each container was adjusted between pH 2 and 12 using 
0.1 M of NaCl and 0.1 M of HCl. The container was allowed 
to shake at room temperature using agitation speed of 
200 RPM for 72 h. The final pH was measured and the 
PZC was evaluated. The crystallinity of the palm leaves 
before and after adsorption was evaluated by X-ray dif-
fraction (XRD, D8 Advance, Bruker, Germany) using a 
wave length of 1.5 Å and angle range of 2θ between 10°  
and 80°.

2.6. Adsorption kinetics

The adsorption kinetic data were investigated by dif-
ferent kinetic models including pseudo-first-order, pseudo- 
second-order, Elovich, liquid film diffusion, modified 
Freundlich equation and Bangham models. These models 
were compared to each other by testing the kinetic data on 
the linearized models. The comparison was made based on 
the value of the correlation factor (R2). The kinetic model 
equations, linearized forms and their parameter are pre-
sented in (Section S1 for detail in supporting information).

Table 1
Detailed experimental parameters and conditions

Parameters Investigated range Other experimental conditions

Influence of palm leaves dosage 0.01–0.06 g Initial Pb(II) concentration: 30 mg/L, temperature: 22°C, 
contact time 1,440 min, initial solution pH 4.8

Influence of contact time 1–1440 min Initial Pb(II) concentration: 30 mg/L, temperature: 22°C, 
initial solution pH 4.8, palm leaves dosage 0.03 g

Influence of initial solution pH 2.8–7.4 Initial Pb(II) concentration: 30 mg/L, temperature: 22°C, 
contact time 1,440 min, palm leaves dosage 0.03 g

Influence of temperature 22°C–55°C Initial Pb(II) concentration: 30 mg/L, contact time 
1440 min, initial solution pH 4.8, palm leaves dosage 0.03 g

Influence of initial Pb(II) concen-
tration

30–500 mg/L Temperature 22°C, contact time 1,440 min, palm leaves 
dosage 0.03 g, initial solution pH 4.8

Agitation speed – 200 rpm for all of the experiments
Sample volume – 20 mL for all of the experiments
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2.7. Adsorption isotherms

Isotherm studies are usually investigated to provide an 
idea about the interaction between the adsorbent and the 
adsorbate, moreover, isotherms can predict the maximum 
adsorption capacity. The isotherm data were subjected to 
four isotherm models Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich. The isotherm data were tested 
based on the linearized forms of the models. Models were 
compared to each other according to the R2 values. Isotherm 
models, linearized forms and parameters details are pro-
vided in (Section S2 for detail in supporting information).

2.8. Thermodynamics study

The values change in Gibb’s free energy (ΔG°), enthalpy 
(ΔH°) and entropy (ΔS°) were measured to study adsorp-
tion thermodynamics for Pb(II) as described [25,37] 
(Section S3 for detail in supporting information).

3. Results and discussion

3.1. Characterization

3.1.1. Textural properties

The surface area of the palm leaves was investigated 
by the BET method while the porosity properties and pore 
size distribution were examined by Barrett, Joyner, and 
Halenda (BJH) method. The palm leaves found to demon-
strate a surface area of 3.6 m2/g. Fig. 2 illustrates the N2 
adsorption/desorption isotherm of palm leaves. The N2 
isotherm curve is similar to type IV sorption isotherm 
implying a mesoporous material according to IUPAC clas-
sification. The average pore diameter found to be 14.7 nm. 
According to the BJH analysis, the pore volume of palm 
leaves particles was 0.017 cm3/g.

3.1.2. SEM, EDS, XRD and FTIR analysis of palm leaves 
before and after Pb(II) adsorption

SEM-EDS analysis was carried out on palm leaves 
adsorbent before and after Pb(II) adsorption and the 

corresponding images displayed in Figs. 3 and 4. It can be 
seen that the palm leaves showed irregular shaped particles 
and it contained different elements such carbon (59.2 wt.%), 
oxygen (35.4 wt.%), silicon (4.3 wt.%), and some other ele-
ments with minute portion. While, after Pb(II) adsorption 
the palm leaves adsorbent structure was slightly changed 
which could be the particles segregation during adsorp-
tion and elements such as carbon (57.4%), oxygen (31.5%), 
silicon (4.4%) and Pb (5.7%) and further EDS composi-
tion confirmed the successful Pb(II) adsorption onto the  
palm leave.

FTIR analysis of palm leaves before and after Pb(II) 
adsorption was conducted to investigate the role of func-
tional groups on the Pb(II) removal adsorption process and 
the acquired results presented in Fig. 5. Fig. 5a shows the 
FT-IR spectra recorded in the range of 4,000–400 cm–1 from 
fresh and spent palm leaves. The fresh palm leaves showed 
a broad peak around 3,339 cm–1 is assigned to the O–H 
stretching vibration of carboxylic acid alcohol and phenol 
groups of palm leaves [38]. The peak at 2,941 and 2,847 cm–1 
are attributed to alky (–CH ) and C=O stretching vibration 
[39] and also the peak at 1,738 cm–1 is related to C–O of car-
boxyl, aldehyde, ketone, and ester groups. The peak around 
1,630 cm–1 is ascribed to C=C bond in aromatic ring and it 

Fig. 2. N2 adsorption–desorption isotherm of palm leaves.

Fig. 3. SEM image of palm leave (a) before and (b) after Pb(II) adsorption.
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can also represent H–O–H bending band of water [40,41]. 
The peak at 1,444 cm–1 is attributed to aliphatic C–H, the 
peak located at 1,114 cm–1 is assigned to C–O–C in cellu-
lose and hemicelluloses. The peak in between 484 cm–1 are 
related to aromatic C–H groups of palm leaves [38]. After 
Pb adsorption (Fig. 5b), it can be seen that the –OH peak 
intensity significantly decreased which implies that –OH 
functional groups involved in adsorption process via ion 
exchange and some peaks wavenumber slightly changed 
which indicates that oxygen containing functional groups 
coordinating with Pb(II) via ion exchange, complexation 
process. Moreover, in Fig. 5b a new peak was noticed at 
802 cm–1 is related to Pb–O bond.

The XRD patter of palm leaves before and after adsorp-
tion are illustrated in Fig. 6a and b. The profiles of palm 
leaves samples were used to study the deterioration level 
and the changes in crystallinity level before and after Pb(II) 
adsorption. XRD patterns of the fresh sample (Fig. 6a) 
shows the two kinds of cellulose, that is, amorphous cellu-
lose at 2q = 16.7 and crystalline cellulose at 2q = 21.6, and 
less intensity peak at 2q = 34.5 is assigned the hemicellu-
loses [42], but lignin does not show any diffraction peaks, 
but diffuse scattering halos in the 2q range from 12 to 27, 
which overlap with the crystalline diffraction peak positions 
[38,43]. Four major peaks at 2q = 14.5, 16.5, 22.6, and 34.52 
were related to (101), (101), (002), and (040) crystallographic 
planes, respectively. Surprisingly, there are no structural 
changes after Pb(II) (Fig. 6b) which implies that the adsor-
bent material is stable in water solution.

Fig. 4. EDS mapping of palm leave before (a) and after (b) Pb(II) adsorption.
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Fig. 5. FTIR spectrum of palm leaves (a) before and (b) after 
Pb(II) adsorption.
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3.2. Influence of adsorption parameters

It is crucial to demonstrate the effect of operating fac-
tors such as contact time, mass of adsorbent, initial concen-
tration of Pb(II) in an aqueous solution, temperature and 
pH on the removal of Pb(II) by using palm leaves from an 
aqueous solution. The effect of contact time on the Pb(II) 
removal from an aqueous solution is depicted in Fig. 7a. 
As seen in this figure, the removal efficiency suddenly 
increased to 66% within the first 10 min due to the avail-
ability of active adsorption sites onto the adsorbent surface 

and the interaction between Pb(II) molecules and the sur-
face of the palm leaves. With time the removal efficiency 
slowly increased from 66% at 10 min to 75.9% at 360 min. 
Next, no major changes were observed in the removal 
efficiency with time, the removal efficiency was 76.2% at 
1,440 min. The slower increase in removal efficiency after 
10 min attributed to the diffusion of Pb(II) ions into the 
internal pores of the adsorbent. However, after 360 min, 
the equilibrium has been achieved and few particles 
found a places to be adsorbed. Hence, the time 360 could 
be assumed the equilibrium time of Pb(II) removal by  
palm leaves.

The mass of adsorbent has an important impact on 
metal ions removal from an aqueous solution. The influ-
ence of the mass of palm leaves on the removal efficiency 
of Pb(II) from an aqueous solution is denoted in Fig. 7b. 
The removal efficiency found to enhance from 52% to 93% 
with increase in mass of palm leaves 0.01 to 0.06 g. It was 
associated to increase in number of adsorption sites with 
increasing mass of palm leaves [44]. Hence, it can be said 
that for an initial concentration of 30 mg/L of Pb(II) ions, 
more than 90% can be removed using 1.5 g (palm leaves) 
per liter of solution.

Fig. 7c shows the effect of initial concentration of Pb(II) 
on the removal of Pb(II) from an aqueous solution. It was 
noted that the removal efficiency was decreasing by rising 
the initial concentration of Pb(II) ions. For instance, the 
removal efficiency was 16% and 76% for an initial concen-
tration of 500 and 30 mg/L, respectively. This trend might 
be ascribed to the saturation of the adsorbent with adsor-
bate molecules at low concentration of Pb(II) ions. And 
hence, further increasing the initial concentration of Pb(II) 

Fig. 7. (a) Effect of contact time, (b) dosage, (c) initial concentration, (d) temperature, (e) pH on the percentage removal of Pb(II) by 
using palm leaves from an aqueous solution. Sample volume 20 mL, agitation speed 200 rpm. Detailed experimental conditions are 
provided in Table 1.

Fig. 6. XRD pattern of palm leaves (a) before and (b) after Pb(II) 
adsorption.
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ions against a constant dose of palm leaves will keep some 
of metal ion unabsorbed that results in decreased removal 
efficiency.

It is significant to explore the influence of temperature 
on the adsorption of Pb(II) from an aqueous solution onto 
palm leaves. The effect of temperature on the removal 
of P(II) is shown in Fig. 7d. The removal efficiency of 
P(II) ions was found to be enhanced from 76% to 77% by 
increasing the temperature from 22°C to 55°C. It was due 
to acceleration of some originally slow adsorption stages 
or to the creation of some new active sites on the surface 
of palm leaves [25]. Moreover, increasing the temperature 
might increase the mobility of Pb(II) ions allowing them 
to pass through the pores of the adsorbent which in turn 
increase the removal efficiency. Results indicated that Pb(II) 
adsorption onto palm leaves is an endothermic process.

The pH of the medium influences significantly the 
Pb(II) adsorption onto palm leaves and it is a crucial 
endowment. By fluctuating the pH of the solution, the 
chemical speciation, metal ions solubility, and counter 
ions concentration on the functional groups of the adsor-
bents influenced [25,26]. Fig. 7e shows effect of the initial 
solution pH on the removal of Pb(II) by palm leaves. The 
effect of pH is always cross-linked with the pHPZC of the 
adsorbent [45]. The pHPZC of the palm leaves was found to 
be 5.3 and the results are illustrated in Fig. 8. The adsorp-
tion results demonstrated an increase in the removal effi-
ciency from 14% to 82% by increasing the solution pH from 
2.8 to 6.2. These results are attributed to the surface charge 
of the adsorbent, at low pH (pH 2.8), the adsorbent is pos-
itively charged and the Pb(II) ions are positively charged 
and hence low removal efficiency was achieved (14.4%). 
Increasing the solution pH from 2.8 to 4.8 has resulted in 
an increase in the removal efficiency to 76.2%. This trend 
is attributed to the reduction in H+ ions by increasing 
the solution pH which in turn decrease the magnitude of 
the positive charge in the adsorbent and hence decrease 
the magnitude of the electrostatic repulsions which at 
the ends resulted in improved removal efficiency. Further 
increase the solution pH to 6.2, the removal efficiency 

increased to 82%. It is worth mentioning that this pH value 
(6.2) exceeded the pHPZC (5.3) of the adsorbent, which means 
that the adsorbent now is negatively charged. Hence, the 
positively charged Pb(II) ions are getting adsorbed by the 
negatively charged palm leaves by electrostatic interac-
tions, which explains the increase in the removal efficiency. 
Next, at pH 7.4, the removal efficiency slightly decreased 
to 77.9%, at this pH, Pb(II) ions started to precipitate 
as lead hydroxides and resulted in decreased removal  
efficiency [46].

3.3. Adsorption kinetics

Pb(II) adsorption kinetics was investigated by apply-
ing several models including pseudo-first-order, pseu-
do-second-order, Elovich model, liquid film diffusion 
model, modified Freundlich equation and Bangham equa-
tion. Fig. 9a shows the plot of pseudo-first-order model 
for Pb(II) adsorption onto palm leaves and the values of its 
parameters are given in Table 2. The R2 = 0.995 value was 
close to unity. On the other hand, there was a large differ-
ence between the values of calculated and experimental 
adsorption capacity. Therefore, pseudo-first-order model 
can’t explain Pb(II) adsorption onto palm leaves. Fig. 9b 
depicts the plot of pseudo-second-order for Pb(II) adsorp-
tion and the measured values of its parameters are shown 
in Table 2. It can be seen that the value of experimental 
and calculated adsorption capacity were very close to 
each other (Table 2). The R2 value is 1 indicating that Pb(II) 
adsorption fitted well to pseudo-second-order model. The 
Elovich and modified Freundlich models were applied to 
further investigate the dynamic mechanism of Pb(II) ions 
removal onto the palm leaves. The linearized plots of these 
models are demonstrated in Fig. 9c and e, respectively, 
the values of R2 and model parameters are presented in 
Table 2. The value of R2 of the two models were between 
0.766 and 0.850 suggesting that these models didn’t fit the  
kinetic data.

To further investigate the adsorption mechanism of 
Pb(II) ions by palm leaves, the liquid film diffusion model 
was applied. If the linearized kinetic data form a straight 
line with respect to the liquid film diffusion model equation 
and pass through the origin, then the adsorption process is 
controlled by the diffusion of Pb(II) ions through the liquid 
film around the palm leaves particles. Fig. 9d illustrates that 
the data form a straight line with R2 of 0.995, however the 
straight line didn’t pass through the origin which indicates 
that that the diffusion of the Pb(II) ions through the liq-
uid film around the palm leaves powder was not the rate- 
determining step.

Moreover, the Bangham kinetic equation was applied 
on the kinetic data and the linearized plot is given in Fig. 9f. 
If the linearized kinetic data forms a straight line using the 
Bangham equation, then it can be said that the internal pore 
diffusion is the controlling mechanism of the adsorption 
process. As seen in Fig. 9f, the linearized data didn’t form 
a straight line with R2 of 0.753 implying that the diffusion 
of Pb(II) into pores of the palm leaves is not the only rate 
controlling step [33,47]. It may be that both film and pore 
diffusion were crucial in Pb(II) adsorption from an aqueous 
solution to different extent.Fig. 8. pHPZC of palm leaves powder.
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3.4. Adsorption isotherms

Adsorption isotherm models including Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich were 
used to demonstrate Pb(II) adsorption onto palm leaves. 
For Pb(II) adsorption onto palm leaves, Langmuir adsorp-
tion isotherm is shown in Fig. 10a and the measured 
values of its parameters are given in Table 3. The cor-
relation coefficient (R2 = 0.990) value was close to unity 
denoting that Pb(II) adsorption onto palm leaves obeyed 
to Langmuir isotherm. In addition, the value of the sep-
aration factor (RL) was between 0.068 and 0.552 imply-
ing that the Pb(II) adsorption was favorable onto palm 
leaves. Fig. 10b indicates Freundlich isotherm for Pb(II) 
adsorption onto palm leaves and the measured values 
of its parameters are given in Table 3. The correlation 
coefficient (R2 = 0.926) value showed that Pb(II) adsorp-
tion obeyed to Freundlich isotherm. Nevertheless, the 
of Freundlich constant ‘n’ value ranges from 2–10 repre-
sented good adsorption, 1–2 moderate adsorption and 
less than one showed poor adsorption [27,33,47]. Temkin 
isotherm for Pb(II) adsorption is shown in Fig. 10c and 
the attained values of bT and AT are shown Table 3. The 
correlation coefficient (R2 = 0.811) value was lower than 
Langmuir isotherm indicating that Pb(II) adsorption was 
not followed it. Fig. 10d represents Dubinin–Radushkevich 
isotherm for Pb(II) adsorption and the values of D–R iso-
therm parameters are given in Table 3. The determined 
value mean adsorption energy was 0.760 KJ/mol denoting 
that Pb(II) adsorption was physical adsorption process. 
It should be mentioned that the maximum adsorption 
capacity of Pb(II) onto palm leaves was 57.4 mg/g which 
is higher than most of the bio adsorbents listed in Table 4.

Fig. 9. (a) Pseudo-first-order model, (b) pseudo-second-order model, (c) Elovich model, (d) liquid-film diffusion model, (e) modi-
fied Freundlich equation, (f) Bangham equation for Pb(II) adsorption onto palm leaves from aqueous solution. Kinetic experiment 
conditions: contact time 1–1,440 min, initial Pb(II) concentration: 30 mg/L, temperature: 22°C, initial solution pH 4.8, palm leaves 
dosage 0.03 g.

Table 2
The calculated values kinetics parameters for Pb(II) adsorption 
onto palm leaves from an aqueous solution

Kinetic models Parameters

qe(exp.) 15.2

qe(cal.) 1.40

Pseudo-first-order model k1 × 10–3 3.90
R2 0.995

qe 15.30

Pseudo-second-order model k2 × 10–3 25.50
R2 1.00

α × 10–13 4.0

Elovich model β 2.5
R2 0.766

kfd × 10–3 8.98

Liquid-film diffusion model Cfd –2.42
R2 0.995

M × 10–3 11.6

Modified Freundlich equation k × 10–101 1.64
R2 0.850

k0 3.32

Bangham equation α 0.078
R2 0.753

qe (mg/g); k1 (min–1); k2 (g/mg min); α (mg/g min); β (g/mg); 
kfd (min–1); k (L/g min); k0 (mL/g/L), parameters explanations 
are given in Section S1.
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3.5. Adsorption thermodynamics

For the investigation of heat change, spontaneity, and fea-
sibility of the adsorption process onto the surface of adsor-
bent and adsorption mechanism, thermodynamic study is 

significant [22]. The thermodynamic parameters determi-
nation procedure and detailed parameters are provided in 
Section S3. Fig. 11 denotes the plot of lnKc vs. 1/T for Pb(II) 
adsorption onto palm leaves. The values of ΔG°, ΔH°, and 
ΔS° were determined to study adsorption thermodynam-
ics and are given in Table 5. The degree of randomness at 
the adsorbent–adsorbate interface was increased due to the 
positive value of ΔS° for Pb(II) adsorption onto palm leaves 
[22,47]. For Pb(II) adsorption onto palm leaves, the attained 
value of ΔH° was positive. It demonstrated that Pb(II) adsorp-
tion onto palm leaves was endothermic adsorption process 
[57,58]. Contrary, the negative value of ΔG° represented 
that Pb(II) adsorption onto palm leaves was spontaneous 
in nature. Adsorption of Pb(II) was favored at room tem-
perature than at higher temperatures as shown by the 
enhancement in values of ΔG° with increase in temperature.

3.6. Reusability studies

Desorption experiments were then conducted to evalu-
ate the regeneration of palm leaves after Pb(II) adsorption. 
The palm leaves were tested for the removal of Pb(II) ions 
in 5 consecutive adsorption/desorption cycles. The removal 
efficiency against the number of adsorption/desorption 
cycles is presented in Fig. 12. As shown in this figure, the 
removal efficiency was decreased from 92.5% in the first 
adsorption experiment to 59.2% after 5 adsorption/desorp-
tion cycles. The decrease in the removal efficiency with 
adsorption/desorption cycles might be attributed to loss 
of some palm leaves powder during the washing process 

Fig. 10. (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Dubinin–Radushkevich iostherm for Pb(II) adsorption onto palm leaves from 
an aqueous solution. Isotherm experimental conditions: initial Pb(II) concentration 30–500 mg/L, temperature 22°C, contact time 
1,440 min, palm leaves dosage 0.03 g, initial solution pH 4.8.

Table 3
The determined values of isotherm parameters for Pb(II) 
adsorption from onto palm leaves from an aqueous solution

Adsorption isotherms Parameters

Qm 57.40
Langmuir isotherm KL 0.027

RL 0.068–0.552
R2 0.990
n 3.15

Freundlich isotherm Kf 8.44
R2 0.926
bT 248.60

Temkin isotherm AT 0.50
R2 0.963
β 0.87
Cm 36.80

Dubinin–Radushkevich isotherm R2 0.496
E 0.760

Qm (mol/g); KL (L/mol); Kf ((mg/g)(L/mg)1/n); Cm (mol/g); β (mol2/
J2), E (kJ/mol), parameters explanations are given in Section S2.
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with HCl and deionized water. Moreover, some Pb(II) ions 
might adsorbed through a chemical bonding onto the sur-
face of the palm leaves and couldn’t be removed during 
the desorption process which in turn reduce the removal 
efficiency in the next adsorption experiment. Furthermore, 
the functional groups onto the surface of the palm leaves 
might be affected during the HCl washing and hence it 
affects the removal efficiency in the coming adsorption 
experiment. However, more than 59% of an initial concen-
tration of 30 mg/L of lead ions can still be achieved after 
5 adsorption/desorption cycles. These results suggesting 
that palm leaves are a promising bio adsorbent for Pb(II) 
ions elimination from an aqueous solution.

4. Conclusions

In the current work, the adsorptive removal of Pb(II) 
ions from synthetic water by palm leaves powder was 

investigated by batch mode experiments. The textural char-
acterization of the adsorbent demonstrated a mesoporous 
material with a surface area of 3.6 m2/g. The FTIR and EDS 
mapping of the spent adsorbent illustrated the success-
ful removal of Pb(II) ions by palm leaves. According to 

Table 4
Maximum Pb(II) adsorption capacity onto selected bio adsorbents

Adsorbents Investigated Pb(II) 
concentration (mg/L)

Maximum adsorption 
capacity (mg/g)

Reference

Palm leaves 30–500 57.4 This study
Pine (Pinus halepensis) sawdust 1–50 13.5 [48]
Ficus benghalensis leaves 0–100 28.6 [49]
Oil palm bio-waste/MWCNTs reinforced PVA hydrogel composite 65–200 30.0 [50]
Mucilaginous leaves of Diceriocaryum eriocarpum Plant 1–50 41.5 [51,52]
Grape stalk waste 49.7–629.3 79.8 [53,54]
Hazelnut ground shells 10–200 16.5 [55]
Almond ground shell 10–200 5.5 [55]
Olive cake 0–>900 19.5 [56]
Raw and treated Rosa bourbonia waste phyto-biomass 25–400 68.5–72.0 [51]
Native and immobilized Mangifera indica biomass 25–400 143–151 [53]

Fig. 11. Plot of lnKc vs. 1/T for Pb(II) adsorption onto palm leaves 
from an aqueous solution. Temperature 22°C–55°C, initial Pb(II) 
concentration: 30 mg/L, contact time 1,440 min, initial solution 
pH 4.8, palm leaves dosage 0.03 g.

Table 5
The value thermodynamic factors for Pb(II) adsorption onto 
palm leaves from aqueous solution

Temperature (K) ΔH (kJ/mol) ΔS (J/K. mol) ΔG (kJ/mol)

295

1.60 11.70

–1.85
308 –1.99
318 –2.11
328 –2.25

Temperature 22°C–55°C, initial Pb(II) concentration: 30 mg/L, 
contact time 1,440 min, initial solution pH 4.8, palm leaves 
dosage 0.03 g.

Fig. 12. Removal efficiency of Pb(II) ions onto palm leaves against 
the number of adsorption/desorption experiments.
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FTIR analysis and the influence of pH study, the adsorp-
tion process was dominated by electrostatic interactions, 
ion exchange, and complexation mechanisms. Palm leaves 
have shown to provide a maximum adsorption capacity of 
57.4 mg/g according to Langmuir isotherm modeling. The 
kinetics found to fit well with pseudo-second-order kinetic 
model with R2 of 1. The thermodynamics analysis elucidated 
a feasible, spontaneous and endothermic adsorption process. 
The palm leaves found to achieve equilibrium in 360 min 
suggesting a fast removal of Pb(II) ions by this adsorbent. 
Moreover, the palm leaves found to provide a removal 
efficiency of more than 59% after 5 adsorption/desorption 
cycles using 1 g/L of palm leaves and 30 mg/L of Pb(II) ions. 
Hence, the palm leaves could be a promising material in the 
remediation of heavy metals from an aqueous solutions.
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Supporting information

S1. Adsorption kinetics

S1.1. Pseudo-first-order model

The linear form of Lagergren pseudo-first-order rate in is 
given as [S1–S5]:

log logq q q
K t

e t e−( ) = − 1

2 303.
 (S1)

where k1 (/min), qe and qt denoted rate constant of pseudo- 
first-order model, concentration of Pb(II) adsorbed at equilib-
rium and time t respectively.

S1.2. Pseudo-second-order model

It is shown as [S4,S6,S7]:

t
q k q

t
qt e e

= +
1

2
2  (S2)

where k2 (g/mg min) is the rate constant of pseudo-second- 
order model.

S1.3. Elovich model

It is represented as [S8,S9]:

q tt = ( ) +1 1
β

αβ
β

ln ln  (S3)

where α (mg/g min) and β (g/mg) are constant. The param-
eter α is initial adsorption rate and β is the extent of sur-
face coverage and activation energy for chemisorption.

S1.4. Liquid-film diffusion model

It is expressed as [S10]:

ln fd1 −( ) = −F K t  (S4)

where Kfd is liquid-film diffusion rate constant and F = qt/q.

S1.5. Modified Freundlich equation

It was originally developed by Kuo and Lotse [S6,S11]:

q kC tt o
m= 1/  (S5)

where k, C0, t and m are adsorption rate constant (L/g min), 
initial concentration (mg/L), contact time (min) and the 
Kuo–Lotse constant respectively. Its linear form is shown as:

ln ln lnq kC
m

tt o= ( ) +
1  (S6)

S1.6. Bangham equation

Bangham equation is expressed as [S4,S9]:
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where m is mass of the palm leaves (adsorbent) employed 
(g/L), V is volume of Pb(II) aqueous solution (mL), α (<1) 
and k0 (mL/(g/L) are constants.

S2. Adsorption isotherms

S2.1. Langmuir isotherm

It is based on the maximum adsorption corresponds to 
the saturated monolayer of liquid molecules on the solid 
surface. It is represented as follows [S7,S12,S13].

C
q K Q

C
Q

e

e L m

e

m

= +
1  (S8)

where KL is Langmuir constant (L/mg) and Qm is Langmuir 
monolayers adsorption capacity (mg/g), Ce is supernatant 
concentration at equilibrium state of the system (mg/L), 
and qe is the amount of Pb(II) adsorbed at equilibrium state 
of system (mg/g). The essential characteristics of Langmuir 
isotherm can be expressed in term of dimensionless 
constant separation factor RL that is given by [S14].

R
K CL
L o

=
+

1
1

 (S9)

The value of RL indicated the shape of the isotherm to 
be either unfavorable (RL > 1), linear (RL = 1), favorable 
(0 < RL > 0), or irreversible (RL = 0) [S15].

S2.2. Freundlich isotherm

It is an empirical relation employed to explain the het-
erogeneous system. It is shown as [S16].

log log logq K
n

Ce f e= +
1  (S10)

where Kf and nF are Freundlich constant.

S2.3. Temkin isotherm

The linear form of Temkin isotherm is represented as 
[S17]:

q B A B Ce T T T e= +ln ln  (S11)

where BT = RT/bT, R is gas constant (8.31 J/mol K) and T is 
absolute temperature (K). The constant bT is related to the 
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heat of adsorption and AT is equilibrium binding constant 
coinciding to the maximum binding energy.

S2.4. Dubinin–Radushkevich isotherm

It is expressed as [S17]:

ln lnq qe m= −βε2  (S12)

where β (mol2/KJ) is constant related to the adsorption 
energy and ε is the Polanyi potential can be determined by 
using below relationship.

ε = +








RT

Ce
ln 1 1

 (S13)

where R is gas constant (8.31 KJ/mol) and T is absolute 
temperature (K). The mean free energy E (KJ/mol) can be 
calculated by Eq. (S14).

E =
1
2β

 (S14)

S3. Adsorption thermodynamics

The values of change in Gibb’s free energy (ΔG°), 
enthalpy (ΔH°) and entropy (ΔS°) were measured by 
using below relationships:

lnK S
R

H
RTc =

°
−

°∆ ∆
 (S15)

K
C
Cc
a

e

=  (S16)

∆ ∆ ∆G H T So o o= −  (S17)

where Kc, ΔG°, ΔH° and ΔS° are equilibrium constant, 
change in Gibb’s free energy (kJ/mol), enthalpy (kJ/mol) and 
entropy (J/mol K) respectively.
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