2 M processes

Article

Utilizing Date Palm Leaf Biochar for Simultaneous Adsorption
of Pb(II) and Iodine from Aqueous Solutions

Essam R. I. Mahmoud 1*(, Hesham M. Aly 2(), Noura A. Hassan 3, Abdulrahman Aljabri 1?7, Asim Laeeq Khan *

and Hashem E El-Labban 5

check for
updates

Citation: Mahmoud, E.R.I; Aly, HM.;
Hassan, N.A_; Aljabri, A.; Khan, A.L.;
El-Labban, H.E. Utilizing Date Palm
Leaf Biochar for Simultaneous
Adsorption of Pb(II) and Iodine from
Aqueous Solutions. Processes 2024, 12,
1370. https://doi.org/10.3390/
pr12071370

Academic Editors: Titus Chinedu
Egbosiuba and Chinenye Adaobi
Igwegbe

Received: 27 May 2024
Revised: 25 June 2024
Accepted: 28 June 2024
Published: 1 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mechanical Engineering, Faculty of Engineering, Islamic University of Madinah,

Madinah 42351, Saudi Arabia; aaljabri@iu.edu.sa

Department of Forestry and Timber Trees, Horticulture Research Institute, Agricultural Research Center,
Antoniadis Botanical Garden, Alexandria 21554, Egypt

Pesticide Chemistry & Technology Department, Faculty of Agriculture, Alexandria University,

Alexandria 21545, Egypt

Department of Chemical Engineering, Faculty of Engineering, Islamic University of Madinah, Madinah 42351,
Saudi Arabia; akhan@iu.edu.sa

Production Engineering Department, Faculty of Engineering, Alexandria University, Alexandria 21545, Egypt
*  Correspondence: essamibrahim2@yahoo.com

Abstract: This study addresses the environmental and health hazards posed by Pb(II) and iodine,
two significant contaminants. The objective was to explore the adsorption of these substances from
aqueous solutions using biochar derived from the leaf midribs of the date palm through a slow
pyrolysis process. The pyrolysis was conducted in two stages within a vacuum furnace: initially
at 300 °C for 1 h followed by overnight cooling, and then at 600 °C with a similar cooling process.
The resulting biochar was characterized for its microstructural features and functional groups using
scanning electron microscopy (SEM) and Fourier transform infrared (FI-IR) spectroscopy. It exhibited
a porous structure with large numbers of pores (20 to 50 um in size) and functional groups including
O-H, C-H, and C=C, which are integral to its adsorption capabilities. For the adsorption studies,
a 100 ppm Pb(II) ion solution was treated with varying amounts of biochar (20, 40, 60, and 80 mg)
for 24 h. In parallel, iodine adsorption was tested, with biochar quantities ranging from 0.1 to
0.4 g/50 mL. Both treatments were followed by filtration and analysis using atomic absorption
spectroscopy to determine the remaining concentrations of Pb(II) and iodine. The study also explored
the effect of varying incubation periods (up to 30 h) on iodine adsorption. The results were significant;
100% adsorption of Pb(II) was achieved with the addition of 60 mg of biochar per 10 mL of solution.
In contrast, for iodine, a maximum adsorption of 39.7% was observed with 30 mg or 40 mg of biochar
per 50 mL. These findings demonstrate the potential of date palm-derived biochar as an effective and
sustainable material for the removal of Pb(Il) and iodine from contaminated water, offering valuable
insights for environmental remediation strategies.
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1. Introduction

The environmental and health implications of toxic heavy metals, particularly lead
(Pb), are profound and multifaceted. Pb, originating from a variety of industrial processes
such as battery production, tetraethyl manufacturing, refining, and automobile mainte-
nance, is a harmful pollutant [1]. Its toxicity poses severe risks to human health, including
detrimental effects on the kidney, stomach, and nervous system [2]. Moreover, lead contam-
ination is not limited to industrial sites; it extends to water bodies and soils, exacerbated
by natural processes and anthropogenic activities [3]. This widespread contamination
highlights the urgent need for effective remediation strategies.
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The methods employed to remove Pb from wastewater are diverse, ranging from ion
exchange and membrane processes to chemical precipitation, filtration, electrocoagulation,
coagulation, and adsorption [1]. Among these, adsorption is often preferred for its cost-
effectiveness, simplicity, and high efficiency. The performance of the adsorption process is
significantly influenced by the properties of the adsorbent material used. In this context,
biochar, produced from biomass via pyrolysis, has emerged as a sustainable and efficient
solution. The quality of biochar, in terms of its adsorption capacity and overall properties,
is largely determined by the type of feedstock and the conditions under which pyrolysis is
conducted [4,5].

Biochar’s effectiveness as an adsorbent is attributed to its highly porous structure, sub-
stantial specific surface area, cation exchange capacity, and abundance of surface functional
groups [1]. These attributes make biochar particularly suitable for the adsorption of heavy
metals like Pb. Studies have demonstrated the successful application of biochar derived
from various biomass sources, including pinewood and rice husk, in the adsorption of lead
from water [6]. Biochar derived from the date palm have been studied as adsorbents for
heavy metals from wastewater by different investigators such as those described in the
review of [7,8]. The bio-adsorbent prepared from date pits is efficient in the adsorption of
heavy metals from aqueous solutions [8]. In the study of Alghamdi et al. [9], biochar was
prepared from date palm waste and magnetized through Fe-intercalation. The prepared
biochar before and after magnetization were used to absorb Cd(II) and Pb(II) ions from
water. The adsorption capacity in the case of magnetic biochar is higher than that in case
of biochar. However, the two materials showed higher removal of Pb(Il) as compared
with Cd(II) [9]. In another study, palm fibers were chemically modified by sulfuric acid,
oxalic acid as a chelating agent, HNOj as an oxidizing agent, and Na;SOj3 as a reducing
agent [10]. The highest capacity of adsorption for both Pb(II) and Cd(II) ions has been
obtained in the case of palm fibers which were modified by sulfuric acid. Also, palm fibers
modified by oxidizing agents gave good results [10]. Biochar was produced from date seed
biomass and used for the adsorption of lead ions (Pb(Il)) from an aqueous solution [11].
The best adsorption conditions were obtained by preparing the biochar at 550 °C with a
heating time of 3 h. The maximum adsorption capacity was found to occur at a pH of nearly
6.0. The health of humans is negatively affected by the excess levels of NOj in drinking
water [12]. Biochar was produced from palm leaf residues at a pyrolyzing temperature of
600 °C and different pH, and used for the adsorption of nitrate from the solution [12]. The
most adsorption of nitrate from the solution (90%) was obtained at pH 2 [12].

Expanding the scope of biochar use, researchers have also explored its potential in
adsorbing heavy metals from wastewater using biochar derived from date palms. Date
pits, for instance, have been processed into bio-adsorbents showing considerable efficiency
in removing heavy metals from aqueous solutions [13,14]. In a novel approach, date palm-
waste biochar was magnetized through Fe-intercalation, enhancing its capacity to adsorb
Cd(II) and Pb(Il) ions [15]. Additionally, chemical modifications of palm fibers with various
agents have led to improved adsorption capacities for Pb(II) and Cd(II) ions [16].

Beyond heavy metals, the environmental contamination with iodine, specifically the
isotopes 1131 and 1129 from nuclear power plants, poses a significant health hazard due
to their radioactive effects [17,18]. The contamination of the environment with iodine can
also be resulted from food, chemical and pharmaceutical industries [19]. Due to the high
toxicity of iodine to the thyroid glands, and the occurrence of hypothyroidism that resulted
from excessive amounts of iodine, its removal from the environment is necessary [20].
To remove the iodine from aqueous solutions, some adsorbents such as activated carbon,
metal-exchanged zeolite, porous copper-doped silica zeolites, graphene, aerogel, metalor-
ganic frameworks, and porous organic polymer materials were used [21]. The metalorganic
frameworks showed high absorptivity, but they are unsuitable [18]. Cyclodextrin is a
non-toxic and biodegradable material. It is a representative of cyclic oligosaccharide macro-
molecules [22]. Cyclodextrin (CD) derivatives («, §, Yy and p-hydroxypropyl-CD) were
successfully immobilized on a silica gel surface via epichlorohydrin as a cross-linker [23].
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It is expected that 12 molecules can be adsorbed on the hydrophobic chains and in CD
hydrophobic cavities [24]. The best performance in the adsorption of iodine from aqueous
solutions has been obtained in the case of functionalized silica with 3-hydroxypropyl-
CD [23].

Methods for iodine removal have also included the use of activated carbon, metal-
exchanged zeolite, and, more recently, metalorganic frameworks and cyclodextrin immobi-
lized on silica gel [20,21]. The latter has shown promising results in adsorbing iodine from
aqueous solutions [21]. To adsorb iodine from an aqueous solution, low-cost biochar was
prepared from empty oil palm bunches by the application of a hydrothermal carbonation
process [25]. The biochar was activated before and after pyrolysis by heating it using an
autoclave at 121 °C for 90 min. The pre- and post-treatments, applied in the production of
these biochar, could increase the surface area and the adsorption capacity of the produced
biochar [26]. In these treatments, alkaline activators were used. Biochar was then soaked
using NaOH or KOH with a concentration of 0%, 4%, 8%, and 12% for 3 h. The results
showed that the adsorption of iodine ranged from 208.86-616.32 mg/g [25,26].

This study addresses the critical need for effective removal of both Pb(Il) and iodine
from aqueous solutions. We propose a novel approach utilizing biochar produced from
the leaf midribs of the date palm. This research not only investigates the potential of date
palm waste as a sustainable resource for biochar production, but also explores the impact of
biochar concentrations and incubation periods on the adsorption of these contaminants. By
doing so, the study seeks to offer a low-cost, efficient, and environmentally friendly solution
to mitigate the adverse effects of Pb(Il) and iodine contamination, thereby contributing
significantly to the field of environmental remediation and public health.

The novelty of this research lies in its dual focus on sustainable resource utilization
and environmental protection for Pb and iodine removal from wastewater. By convert-
ing agricultural waste into a valuable adsorbent, this study not only addresses waste
management issues but also provides a viable method for purifying contaminated water
sources. Moreover, this is one of the few studies that simultaneously targets the removal of
both Pb(Il) and iodine using biochar derived from date palm leaves, which has not been
extensively explored in the existing literature. The comprehensive analysis of biochar’s
structural properties and its interaction with contaminants offers deep insights into the
mechanisms of adsorption, paving the way for future advancements in biochar technology
and its application in environmental remediation.

2. Materials and Methods
2.1. Biochar Preparation

The method for preparing biochar, as detailed in our previous work [27], involves a
two-step pyrolysis process using the leaf midribs of the date palm. This procedure was
specifically designed to optimize the properties of the biochar for adsorption purposes.

Initially, the date palm leaf midrib samples were subjected to air drying for a duration
of four weeks. This step ensures the removal of moisture, which is crucial for the efficiency
of the pyrolysis process. Following the drying phase, the samples were placed in a vacuum
furnace for pyrolysis.

The pyrolysis process was carried out in two distinct stages.

In the first stage, the dried samples were gradually heated to a temperature of 300 °C at
a controlled rate of 10 °C per minute. Upon reaching 300 °C, the samples were maintained
at this temperature for a period of 1 h. This stage is critical for initiating the pyrolysis
process and beginning the transformation of the biomass into biochar. After the completion
of the first stage, the samples were allowed to cool down to room temperature overnight.
This gradual cooling is an essential step in the process, as it affects the final structure and
composition of the biochar. In the second stage of pyrolysis, the specimens were reheated
at the same rate of 10 °C per minute until they reached 600 °C. Once at 600 °C, the samples
were held at this temperature for another hour. This higher temperature stage further
advances the pyrolysis process, contributing to the development of the biochar’s porous
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structure and enhancing its adsorption properties. Following this, a second cooling phase
was carried out, where the specimens were again allowed to cool throughout the night.

This two-step pyrolysis process is specifically tailored to enhance the adsorptive
qualities of the biochar, particularly for the removal of Pb(Il) and iodine from aqueous
solutions. The controlled heating and cooling cycles play a pivotal role in determining
the physical and chemical characteristics of the resulting biochar, making it suitable for
environmental remediation applications.

2.2. Biochar Characterization

To comprehensively characterize the surface features of the produced biochar, we uti-
lized scanning electron microscopy (SEM) (Jeol JSM-5300 SEM) equipped with an electron
dispersive X-ray (EDX) analysis unit. This combination of techniques allowed us to closely
examine the microstructural properties and elemental composition of the biochar surface,
providing critical insights into its morphological and chemical characteristics.

Further analysis of the biochar was conducted using Fourier transform infrared (FT-IR)
spectroscopy in the range of 400-4000 cm . This technique was instrumental in identifying
and mapping the distribution of functional groups on the biochar surface, which are key
determinants of its adsorption capabilities.

2.3. Adsorption Studies

To evaluate the biochar’s efficiency in adsorbing Pb(II) ions, we prepared a standard
solution of 100 ppm Pb(II) ions. A quantity of 1.6 g of Pb (NOs), was dissolved in 1.0 L
of deionized water to produce 5.0 mM Pb(II) stock solution for which the initial pH was
adjusted as needed using 0.1 M NaOH and 0.1 M HCl to obtain pH 6. Various amounts of
biochar (20, 40, 60, and 80 mg) were incubated with this solution for 24 h. Post-incubation,
the solutions were filtered using a syringe filter with a 0.2 um pore size. The residual
concentrations of Pb(Il) ions were then quantified using atomic absorption spectroscopy,
based on a pre-established calibration curve. The percentage of adsorption (%Ads) was
calculated using the equation below:

Conc. in control — conc. in treatement
% Ads = - x 100 (1)
Conc. in control

In a parallel set of experiments, we prepared a 0.1 M standard iodine solution in 1 L of
distilled water as a stock solution. To quantify iodine, a standard solution of 0.1 N Na;SO3
was prepared for titration in the presence of a starch indicator, proceeding until the color
disappeared. Different amounts of biochar (0.1, 0.2, 0.3, and 0.4 g) were incubated with
50 mL of the iodine solution for 1 h, then filtered with a 0.2 um syringe filter. The residual
iodine concentration was determined post-filtration.

Additionally, to investigate the effect of incubation time on the adsorption of iodine by
palm tree biochar, the amount of biochar yielding the best adsorption results was incubated
with a 50 mL iodine solution for varying periods (2, 4, 8, 12, 24, and 30 h). The solutions
were then filtered and the residual iodine concentration was measured using the 0.1 N
Na,SOj3 standard solution.

3. Results and Discussion
3.1. Biochar Characterization before and after Pb(1I) Adsorption

The SEM analysis of the biochar surface before Pb(II) adsorption presented in Figure 1
reveals its microstructural characteristics at two different zones. The observed porous
structure, characterized by lateral and anterior vessels, is a key feature of the biochar. This
structure comprises a large number of pores, predominantly in the size range of 20 to 50 um.
These findings are in line with previous studies that have reported similar microstructural
properties in biochar produced under comparable conditions [5,7,9-11]. The porous nature
of the biochar is critical for its adsorption capabilities, as it provides an extensive surface
area for interaction with contaminants.
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Figure 1. SEM images of the microstructure of the biochar surface at two different zones: (a) anterior
vessels, and (b) lateral vessels.

In Figure 2, the EDX analysis image of the biochar after Pb(Il) adsorption is shown,
highlighting a specific section marked with a red circle. This analysis reveals the elemental
composition of the biochar, where carbon, oxygen, and lead are identified as the predomi-
nant elements. The high carbon content, a result of the pyrolysis process, is indicative of
the transformation of organic matter into a carbon-rich material. The presence of carbon (C)
and oxygen (O) in significant amounts suggests the formation of various functional groups,
such as C=C (carbon-carbon double bonds) and C-O (carbon-oxygen bonds), which are
crucial for the adsorption process. The integration of these results—the microstructure
observed through SEM and the elemental composition determined by EDX—provides
a comprehensive understanding of the biochar’s properties. The porous microstructure
enhances the surface area available for adsorption, while the presence of specific functional
groups contributes to the chemical interactions necessary for effective contaminant removal.

In our analysis of the biochar surface before Pb(II) adsorption using FT-IR spectroscopy,
as shown in Figure 3, we identified a range of functional groups integral to the biochar’s
adsorptive characteristics. The observed stretching vibrations of the O-H group, notably
in the range of 3220-3743 cm~! [28], are associated with hydrogen-bonded O-H groups
commonly found in carboxylic and phenolic compounds. These functional groups are
crucial in the biochar’s ability to form hydrogen bonds, a key interaction in the adsorption
process. Moreover, the presence of C-H (methyl) groups, observed in the range of 2850-2920-
3039 cm ! [29], suggests aliphatic substitution on aromatic rings. This structural feature
enhances the hydrophobic nature of the biochar, facilitating the adsorption of non-polar
substances. The peak detected around 1570 cm !, indicating the ring stretching of C=C [30],
further confirms the presence of aromatic compounds. This characteristic is essential for
the biochar’s 7 interactions, contributing to its high adsorptive capacity. Aliphatic C-H
groups, evidenced by bands at 1420 cm ™! [31], add another layer of complexity to the
biochar’s chemical structure. Additionally, peaks in the range of 1112 cm ™!, corresponding
to stretching C-O groups in phenolic compounds, alcoholic compounds, and carboxylic
acids [28], underscore the biochar’s ability to adsorb metal ions due to its polar nature.
The biochar’s lignocellulosic origin is reflected in the observed O-H hydrogen bonds and
C-H bonds, typically derived from cellulose, and the C=C bonds resulting from lignin
aromatic rings [32]. The presence of these components implies that the biochar retains
structural elements from its biomass precursor, enhancing its adsorption properties. C=O
bonds, indicative of carboxylic or carbonyl groups [33], play a vital role in the biochar’s
capacity to chelate metal ions. This functionality is particularly relevant for heavy metal
adsorption. Furthermore, the presence of inorganic matter, as suggested by bands in
the range of 468-615 cm ! [34], such as carbonates, can influence the biochar’s overall
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adsorption capacity. Finally, the C-H aromatic out-of-plane bands [35] suggest a high
degree of aromaticity, a feature that contributes to the biochar’s adsorptive performance.

Display name Standard data Quantification method Result Type
Spc_004 |Standardless |ZAF l Metal
: Element Line Mass% Atom%
C K 61.29+0.63 82.74+0.84
O K 15.21:£0.84 15.42+0.85
Pb M 23.50+£0.88 1.84+0.07
Total 100.00 100.00
Spc_004 Fitting ratio 0.2248
500 — @ Spc004
2 400
g :
2 300 —
5 E
£ 200 —
100 —
0 —
0 1 2 3 4 5 6 8 9 10
Energy [keV]

Figure 2. Electron dispersive X-ray (EDX) image of the biochar after Pb(II) adsorption.
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Figure 3. FTIR spectra of biochar before Pb(II) adsorption.

3.2. Adsorption of Pb by Biochar

The study’s investigation into the adsorption of Pb(Il) by biochar commenced with
the calibration of different concentrations of Pb(Il) against their corresponding absorbance
levels. This relationship, as depicted in Figure 4, was found to be linear, affirming the
reliability of the measurements and the method.

0.07
y =0.0079x + 0.0009

0.06 R?=0.9969

0.05

0.04

Abs

0.03

0.02

0.01

0 1 2 3 4 5 6 7 8 9
Conc (mg/1)

Figure 4. Calibration curve of Pb(II).

To evaluate the biochar’s capacity for adsorbing Pb(Il), varying amounts were intro-
duced into the aqueous solution. The adsorption percentages of Pb(II) were calculated as
outlined in the experimental procedures and are detailed in Table 1. A notable observation
from this data is the correlation between increased biochar concentrations and enhanced
adsorption of Pb(Il). Remarkably, 100% adsorption of Pb(Il) was achieved with the addition
of 0.06 g/10 mL of biochar. This result highlights the high efficiency of the biochar prepared
from the leaf midribs of date palms in removing Pb(II) from aqueous solutions.
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Table 1. Adsorption of Pb(II) (100 ppm) on different amounts of biochar.

The Mean Concentration of

Amount of Biochar (g/10 mL) Pb(ID) (mg/L)

% of Adsorption

0 100 0
0.02 0.15 99.85
0.04 0.11 99.89
0.06 0 100
0.08 0 100

Several mechanisms are likely contributing to this high level of Pb(II) removal, in-
cluding precipitation, complexation, ion exchange, electrostatic attraction, chemical bond
adsorption, and physical adsorption. The detection of Pb(Il) particles on the biochar surface,
attributable to the precipitation of carbonate minerals and phosphates, indicates that pre-
cipitation is a significant mechanism in Pb removal [36,37]. Surface complexation also plays
a crucial role, where C-O groups on the biochar surface bind with Pb in the solution [38,39].
Notably, the metal complexing ability of hydroxyl groups is generally stronger than that of
carboxyl groups [40].

Ion exchange processes involving the cations on the oxygen-containing functional
groups and Pb ions also contribute to Pb removal [41]. Electrostatic interactions enable Pb
to combine with -COOH and -OH groups on the biochar [42]. Additionally, the effect of pH
on Pb ion precipitation is significant. At pH levels above 6.0, local sites of high alkalinity
on the biochar surface led to further precipitation [43,44]. Furthermore, an increase in
pyrolysis temperature has been noted to enhance the effect of mineral precipitation.

This comprehensive analysis of the Pb(II) adsorption process by the date palm-derived
biochar demonstrates its potential as an effective and sustainable solution for lead removal
in water treatment applications. The variety of mechanisms at play highlights the multi-
faceted nature of biochar as an adsorbent and its suitability for addressing heavy metal
contamination in environmental settings.

As described by Pam Aloysius Akaangee [45], the conventional methods used for
the removal of Pb(II) from aqueous solutions have limitations and side effects. Therefore,
adsorption onto solid adsorbents, especially activated carbon, is an excellent method
that can be used for the adsorption of Pb(Il) from aqueous solutions. This is due to
the high efficiency of adsorption and sorption capacities. In the work of Aloysius [45],
activated carbon (AC) was prepared by the chemical treatment of palm kernel shells (PKS)
using H3PO4 and later modified using citric acid (CA) and ethylenediaminetetraacetic
acid (EDTA). The maximum adsorption capacity of Pb(II) was in the sequence of ACPKS
(86.2mg/g) < AC-CA (103.1 mg/g) < AC-EDTA (104.2 mg/g). However, the cost of these
methods is higher than that of the biochar prepared in the present work.

In another study by Saud S. Aloud et al. [46], activated carbon was produced from
the leaf sheath fibers of date palms (LSDPFAC) by the use of chemical activation with
K>CO3 combined with microwave irradiation, and it was characterized and evaluated for
its adsorptive capacity of lead ions (Pb(II)). A greater adsorption of Pb(Il) was observed
when its concentration was higher in the solution, and the greatest adsorption capacity of
5.67 mg Pb/g was observed at the highest pH.

3.3. Adsorption of lodine by Biochar

In assessing the biochar’s capacity for iodine adsorption, we explored how different
quantities of biochar influenced the removal process. This experiment involved adding
varying amounts of biochar (0.1, 0.2, 0.3, and 0.4 g/50 mL) to an iodine solution, with the
outcomes detailed in Table 2. Notably, the biochar demonstrated a maximum adsorption
percentage of 39.7% when 0.3 or 0.4 g/50 mL was used. This finding, as highlighted in
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the table, is crucial as it indicates the threshold beyond which additional biochar does not
significantly increase adsorption efficiency.

Table 2. Adsorption of iodine on different amounts of biochar.

Amount of Biochar (g/50 mL) % of Adsorption
0.1 24.1
0.2 27.7
0.3 33.7
0.4 39.7

To delve deeper into the adsorption dynamics, we extended our investigation to the
impact of incubation time. Figure 5 illustrates the variation in iodine adsorption as the
incubation period with 0.4 g of biochar was extended from 2 to 30 h. An interesting pattern
emerged: extending the incubation time from 2 to 12 h resulted in an increase in adsorption
efficiency, from 40% to 60.3%. This increment underscores the importance of sufficient
contact time for the adsorption process, allowing for more extensive interaction between
iodine molecules and the biochar.

Adsorption of iodine after different
incubation time with biochar

Adsorption %

0 5 10 15 20 25 30 35
Time (hr)

Figure 5. Adsorption of iodine on biochar at different incubation times.

The underlying science of this phenomenon can be attributed to several factors. The
elevated pyrolysis temperature used in creating the biochar plays a vital role. It enhances
the degree of carbonization, which in turn increases the number of micropores within the
biochar [47]. These micropores are key to the adsorption process, providing sites where
iodine molecules can be trapped. However, after a 12 h period, we observed a plateau in
adsorption efficiency. This suggests that beyond this point, all readily accessible adsorption
sites on the biochar were occupied, and additional contact time did not contribute to further
iodine removal.

The adsorption efficiency of iodine on biochar at various pH levels was systematically
studied to understand how pH influences the removal process. The results, presented in
Table 3, indicate that pH plays a significant role in the adsorption capacity of biochar for
iodine. At a pH of 2, the adsorption percentage was recorded at 24.1%. This relatively
low adsorption efficiency can be attributed to the high concentration of hydrogen ions
(H") in the solution at this pH level, which compete with iodine ions for active sites on
the biochar surface. As the pH increases to 3, the adsorption efficiency improves to 27.7%,
indicating a reduction in competitive adsorption by hydrogen ions and an increase in the
availability of active sites for iodine ions. Further increasing the pH to 4 results in a more
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pronounced improvement in adsorption efficiency, reaching 33.7%. This trend continues
as the pH rises to 5, where the adsorption percentage increases to 39.5%. The increase in
adsorption capacity with rising pH can be attributed to the deprotonation of functional
groups on the biochar surface, such as carboxyl and hydroxyl groups, which enhance their
interaction with iodine ions. At a pH of 6, the adsorption efficiency reaches a maximum
of 39.7%. This slight increase from pH 5 to pH 6 suggests that the adsorption process
stabilizes, and the biochar surface becomes fully saturated with iodine ions. The relatively
constant adsorption efficiency at higher pH levels indicates that the biochar’s active sites are
fully utilized, and further increases in pH would not significantly enhance the adsorption
capacity. The results illustrate that the adsorption of iodine on biochar is highly dependent
on the pH of the solution. The optimal pH for maximum iodine adsorption was found to
be around 6, where the biochar achieved an adsorption efficiency of 39.7%. These findings
suggest that adjusting the pH of the solution can be an effective strategy to enhance the
removal efficiency of iodine using biochar, thereby optimizing the treatment process for
contaminated water.

Table 3. Adsorption of iodine at different pH.

pH % Adsorption
241
27.7
33.7
39.5
39.7

NG| | WD

The effect of the initial iodine concentration on the adsorption efficiency of biochar
was investigated to determine the optimal conditions for maximum iodine removal from
aqueous solutions. The results, presented in Table 4, indicate a clear trend in the adsorption
capacity as a function of initial iodine concentration. At an initial iodine concentration of
20 mg/L, the biochar demonstrated an adsorption efficiency of 55.4%. This high percentage
can be attributed to the ample availability of active adsorption sites on the biochar surface
relative to the number of iodine ions present. As the initial concentration increases to
40 mg/L, the adsorption efficiency slightly decreases to 50%. This reduction suggests that
as the concentration of iodine ions increases, the available active sites on the biochar become
more occupied, leading to increased competition among iodine ions for the remaining
active sites. Further increasing the initial concentration to 60 mg/L results in a continued
decrease in adsorption efficiency to 47.1%. This trend persists with initial concentrations of
80 mg/L and 100 mg/L, where the adsorption efficiencies are 43.4% and 39.7%, respectively.
The decrease in adsorption efficiency with increasing initial iodine concentration can be
explained by the saturation of active sites on the biochar surface. As more iodine ions are
introduced into the solution, the biochar’s active sites become fully occupied, reducing
the overall adsorption capacity. The results suggest that at lower initial concentrations,
biochar exhibits higher adsorption efficiencies due to the greater availability of active sites.
However, as the initial iodine concentration increases, the adsorption efficiency declines,
indicating a limitation in the biochar’s capacity to adsorb higher concentrations of iodine.
This behavior is typical in adsorption processes, where the adsorbent’s capacity is finite, and
higher concentrations of the adsorbate lead to reduced efficiency. The results demonstrate
that the initial concentration of iodine significantly affects the adsorption efficiency of
biochar. The optimal adsorption efficiency was observed at an initial concentration of
20 mg/L, with a value of 55.4%. As the initial concentration increases, the adsorption
efficiency decreases, reaching 39.7% at an initial concentration of 100 mg/L. These findings
highlight the importance of considering initial iodine concentration when optimizing
biochar for water treatment applications, ensuring that the biochar is used effectively to
maximize contaminant removal.
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Table 4. Effect of initial concentration of iodine.

Initial Concentration (mg/L) % Adsorption
20 55.4
40 50
60 47.1
80 43.4
100 39.7

The physical and chemical characteristics of the biochar, such as surface area and pore
structure, greatly influence its adsorption capacity. lodine molecules are primarily adsorbed
into micropores on the biochar [48-50], and the extent of these micropores, typically less
than 2 nm in size, correlates with the biochar’s iodine index [51]. It is noteworthy that the
adsorption percentages for iodine are lower compared to Pb(II), which can be attributed to
the differences in the adsorption mechanisms and the inherent properties of the adsorbents
and adsorbates.

In the broader context of adsorbent materials, biochar generally shows a lower iodine
absorption capacity than activated charcoal [52]. This difference is largely due to variations
in pore formation, which are significantly influenced by the activation temperature during
the production of activated carbon [53].

An additional factor in iodine adsorption is the iodine number, a measure of the
adsorbent’s capacity to adsorb iodine. This value can be affected by impurities on the
biochar surface that chemically react with iodine [54,55]. For instance, high levels of oxygen
complexes, such as carboxyl groups on the biochar, may reduce the iodine number due to
their reaction with potassium iodine [56].

In conclusion, this in-depth analysis of iodine adsorption on biochar sheds light on
the complex interplay of factors that determine the efficiency of the adsorption process.
The findings not only highlight the biochar’s capacity for iodine removal but also provide
insights into optimizing the use of biochar in environmental remediation, particularly for
iodine and, potentially, other similar contaminants.

4. Conclusions

This study has successfully demonstrated the adsorption of Pb(II) and iodine from
aqueous solutions using biochar derived from the leaf midribs of the date palm through a
slow pyrolysis process. The experimental approach involved incubating a 100 ppm Pb(II)
ion solution with varying amounts of biochar (20, 40, 60, and 80 mg) for 24 h. Similarly, for
iodine adsorption, different amounts of biochar (0.1, 0.2, 0.3, and 0.4 g) were incubated with
a 50 mL solution of 0.1 M iodine. The concentrations of Pb(II) and iodine remaining in the
solutions post-treatment were accurately quantified using atomic absorption spectroscopy.

The key conclusions drawn from this research are as follows:

Biochar Structure and Functional Groups: The biochar produced exhibited a porous
structure with lateral and anterior vessels, characterized by large numbers of pores mea-
suring approximately 20 to 50 um. Additionally, functional groups vital to adsorption
processes, such as O-H, C-H, and ring-stretching C=C groups, were identified in the biochar.
This structure and composition were directly attributable to the slow pyrolysis of the date
palm leaf midribs.

Effective Pb(Il) Adsorption: Remarkably, the study achieved 100% adsorption effi-
ciency for Pb(Il) ions using just 0.06 g of biochar per 10 mL of the prepared solution. This
result highlights the biochar’s exceptional capacity for heavy metal ion removal, positioning
it as a viable option for water purification applications.

Iodine Adsorption Capacity: For iodine, the biochar demonstrated a maximum ad-
sorption percentage of 39.7% when used in quantities of 0.3 or 0.4 g per 50 mL of the
solution. This finding suggests that while biochar is effective in adsorbing iodine, the
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adsorption capacity is comparatively lower than that for Pb(II), likely due to differences in
the adsorption mechanisms and the inherent properties of iodine.

These conclusions underscore the potential of date palm-derived biochar as a sustain-
able and efficient material for the adsorption of contaminants like Pb(Il) and iodine from
aqueous solutions. The study not only provides a promising method for environmental
remediation but also offers insights into optimizing biochar production for specific ad-
sorption applications. Given the promising results of this research, it is recommended to
conduct a subsequent and more detailed study focusing on the effects of various heavy
metals. Additionally, the subsequent study should delve into kinetics, isotherms, and
thermodynamic analysis.
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