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Abstract

Heavy metal contamination in water remains a persistent environmental concern,
particularly in regions where access to advanced treatment technologies is limited.
In this study, biochar produced from date pits, an agricultural waste material, was
investigated as a low-cost adsorbent for the removal of Pb(ll), Zn(ll), and Ni(ll) from
aqueous solutions. Batch experiments were conducted to evaluate the effects of
contact time (5-120 min), solution pH (3-9), and initial metal concentration (5-50 mg
L"). The results showed that adsorption equilibrium was reached within 60 min for
all metals. The maximum adsorption capacities were 39.6 mg g™' for Pb(ll), 23.5 mg
g™ for Zn(ll), and 21.0 mg g™' for Ni(ll) at pH 7. Adsorption increased with increasing
pH, and the affinity followed the order Pb(ll) > Zn(ll) > Ni(ll), likely due to differences
in hydration energy and interaction with surface functional groups. Kinetic
analysis indicated that the adsorption process followed a pseudo-second-order
model, while the equilibrium data were best described by the Langmuir isotherm
model, suggesting monolayer adsorption behavior. Overall, the findings indicate
that date-pit-derived biochar can serve as an effective and accessible material for
removing divalent heavy metals from water, with potential application in simple and
decentralized treatment systems.

Keywords: Biochar; Date pits; Heavy metals; Adsorption; Aqueous medium

1. Introduction

Due to the accelerating pace of industrialization as well as urban and agricultural
development, heavy metal contamination in groundwater has emerged worldwide
as a prominent problem.' Effluents, untreated or poorly treated, routinely emptied
into rivers, irrigation channels, and shallow groundwater aquifers are responsible
for the accumulation of toxic metals in the aquatic ecosystems in many developing
countries.? Of these contaminants, cadmium (Cd), lead (Pb), zinc (Zn), and nickel (Ni)
constitute a major pollution threat because they persist in the environment over time,
are toxic, and bioaccumulate in living organisms.’ Extended contact with these metals
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is correlated with neurological illnesses, renal injury,
developmental disorders, and lower agricultural efficiency,
even at low levels.** Heavy metal contamination is a major
concern because these pollutants can bioaccumulate and
biomagnify through aquatic food webs®, making them
long-term environmental and human health concerns. In
this sense, a policy that reduces heavy metal flows to water
bodies forms part of broader medium- and long-term
strategies for protecting aquatic environments and human
health.

Common approaches to heavy metal separation from
industrial wastewater, such as chemical precipitation,
ion exchange, membrane filtration, and electrochemical
treatments, are characterized by high operational costs and
energy demand, an important issue when the generation
of secondary waste that requires additional treatment is
also considered. These limitations have driven a growing
interest in alternative remediation methods that are low-
cost, accessible locally, and environmentally benign.?

In this context, biochar has attracted considerable
attention as a promising adsorbent due to its porous
structure, relatively large surface area, and the presence of
functional groups capable of binding metal ions through
electrostatic attraction, complexation, and ion-exchange
mechanisms.®® Recent reviews have documented the value
of biochar from cheap biomass as a sustainable material
for wastewater treatment by its adsorption, ion exchange,
and surface complexation mechanisms to restore soil
properties. Nevertheless, the results are feedstock
type-, pyrolysis conditions-, surface chemistry-, and
regeneration efficiency-dependent, narrowing its large-
scale application.'®" Biochar is typically produced through
the pyrolysis of agricultural residues under limited oxygen
conditions, and its physicochemical properties strongly
depend on the type of feedstock and the operating
temperature used during its production.”

Numerous studies have demonstrated the effectiveness
of biochars derived from feedstocks such as rice husk,
coconut shell, and wood waste for the removal of heavy
metals from aqueous solutions. However, comparatively
less attention has been given to the adsorption behavior
of biochar derived from date pits, despite their availability
in large quantities in Middle Eastern countries.>”® Iraq,
in particular, is one of the leading producers of dates
worldwide, generating substantial amounts of date pits
as agricultural waste that are often discarded without
beneficial use. Converting this biomass into biochar
not only represents an environmentally sound waste
management strategy but also provides a sustainable and
low-cost material for local water treatment applications.

Biochar generated from date pits offers a viable solution
as water stress increases and inexpensive remediation
technologies become increasingly necessary in these arid
and semi-arid regions.'>"> However, systematic studies
on the adsorption kinetics, equilibrium behavior, and
factors governing the removal of Pb(II), Zn(II), and Ni(II)
ions by date-pit-derived biochar under batch conditions
are still scarce.* Furthermore, while a number of early
studies employed sophisticated analytical methodologies,
fewer investigations have focused on the applicability of
benchtop methods, e.g., colorimetric ones, which are more
appropriate for resource-limited laboratories.

Thus, the present study investigates the adsorption of
Pb(II), Zn(II), and Ni(II) ions from aqueous solutions
onto biochar prepared by pyrolysis in a muffle furnace. The
interaction time, pH of solution, and initial concentration
of metal were studied, and adsorption kinetics and
equilibrium isotherm models were applied to obtain a
deeper understanding of the adsorptive behavior as well as
to estimate the sorption capacity of the prepared biochar.

2. Materials and methods

2.1. Preparation of biochar

Date pits were washed with distilled water to remove dust
and surface impurities, and then oven-dried at 105 °C
for 24 h, and residual pulp and surface impurities were
removed from the date pits. After drying, a muffle furnace
(L 9/11, Nabertherm GmbH, Germany) was used for
pyrolysis at 450 °C for 1 h under anaerobic conditions. The
resulting biochar was ground and sieved to pass through a
2-mm pore size. The sieved biochar was then washed with
deionized water to remove the soluble ash fraction and
dried again before being used in adsorption experiments.'¢
The preparation conditions were selected in line with
previous reports showing that pyrolysis temperature,
heating conditions, and feedstock properties strongly
influence biochar yield, porosity, surface functional
groups, and adsorption performance."”

2.2. Fourier transform infrared spectroscopy

The surface functional groups of the studied date-pit-
derived biochar were confirmed by Fourier transform
infrared (FTIR) spectroscopy. The FTIR spectrum was
recorded on a Bruker FT-IR spectrometer (Tensor 27,
Germany) with an attenuated total reflectance (ATR)
accessory. Spectra were collected between 4,000 cm™
and 500 cm™ with a resolution of 4 cm™, by averaging 32
scans at room temperature. The FTIR analysis was used to
determine the chemical groups that were responsible for
the adsorption of Pb(II), Zn(II), and Ni(II) ions on the
biochar surface.
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2.3. Determination of the pH point of zero charge

The pH point of zero charge (pHpzc) of date-pit-derived
biochar was found by using the pH drift method in
order to evaluate the surface charge behavior of the
adsorbent. A 50 mL aliquot of 0.01 M NaCl was used as
the background electrolyte to control ionic strength. The
initial pH (pHi) of each solution was adjusted from 2 to 12
with 0.1 M HCl or 0.1 M NaOH. Then, 0.05 g of biochar
was added to each flask, and the suspensions were shaken
mechanically for 24 h at room temperature for equilibrium
between the solid and liquid phases.

The final pH (pHf) of each suspension was measured
using a calibrated pH meter after equilibration. The ApH
was determined as (pHf — pHi). The pHpzc was calculated
by the intersection of the ApH versus pHi plot, where
ApH = 0; this value was defined as the pH at which the
biochar surface has no net charge.

2.4. Preparation of metal solutions

Lead nitrate (Pb(NO,),), zinc nitrate (Zn(NO,),), and
nickel nitrate (Ni(NO,),) were purchased in analytical
grade for stock solutions of each of these metals. Fresh
solutions at concentrations of 5-50 mg/L were prepared
from stock solutions by diluting the required volume with
distilled water prior to each set of experiments."”

2.5. Batch adsorption experiments

All adsorption studies were performed using 50 mL of
aqueous metal solution in 100 mL Erlenmeyer flasks.
Unless otherwise mentioned, 0.05 g of date-pit-derived
biochar was added to the flasks for each experiment.
The suspensions were shaken in a mechanical shaker
at 150 rpm and room temperature (25 + 2 °C) to ensure
uniform mixing of biochar particles with the solution.
The experimental set-up was designed to investigate the
effects of contact time, solution pH, and initial metal
concentration on removal efficiency using the prepared
biochar for Pb(II), Zn(II), and Ni(I) in a batch system.'s
The range of concentrations chosen was designed to
encompass higher contamination situations and to
generate a quantifiable adsorption reaction during
laboratory batch testing conditions. Pb, Zn, Ni, and other
metals were previously detected in river waters from
local monitoring studies within Iraq, and the importance
of using appropriate indices and treatment methods for
evaluating heavy-metal pollution has been discussed."

2.6. Effect of contact time

For the adsorption kinetic assessment, 20 mg/L of Pb(II),
Zn(II), and Ni(II) solutions were brought in contact with

0.05 g biochar at pHi of 7. The suspensions were stirred
at various times between 5 and 120 min. The suspensions
were filtered, and the remaining metal concentrations were
analyzed after each time course.

2.7. Effect of pH

The pH of the solution for metal adsorption was tested
by adjusting the pHi of 20 mg/L metal solutions to 3, 5, 7,
and 9 using either HCI or NaOH. The contact time for the
experiments was 60 min, and 0.05 g of biochar was added.

2.8. Adsorption isotherms

Equilibrium adsorption process was carried out at the
optimal pH and contact time with the initial metal
concentrations of 5-50 mg/L, then the residual metal
concentrations were determined, and the Langmuir
and Freundlich isotherm models were used to describe
equilibrium data.

2.9. Colorimetric determination

The residual Pb(II), Zn(II), and Ni(II) were determined
colorimetrically after complexation with dithizone, zincon,
and dimethylglyoxime, respectively. The metal contents
were determined with a calibrated colorimeter (the
calibration curves for all metals had R? values of >0.995).
Each metal was measured individually with its specific
colorimetric reagent, and calibration for each analyte
was performed so as to minimize potential analytical
interferences. Such calibration and analyte-specific
measurements were used to minimize potential analytical
interferences, as significant heavy-metal determination
can be affected by overlapping responses and interferences
due to matrix effects, which are particularly problematic
when multiple metal ions exist in the same sample at
similar concentrations.?

2.9.1. Adsorption capacity and removal efficiency

Removal efficiency (Removal %) and the adsorption
capacity (qe) were used as the two main parameters to
evaluate the adsorption performance of biochar derived
from different biosources. Removal % represents the
percentage of metal ions removed from solution, whereas
qe (mg/g) represents the mass of metal adsorbed per
unit mass of biochar at equilibrium. In the equation, Ce
(mg/L) is the equilibrium concentration (Ce) of metal
ions remaining in solution at equilibrium, and qe (mg/g)
expresses the metal removal from the biochar surface.

The metal removal efficiency was determined as follows:

Removal (%) :%xloo (1)

0
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where C, and Ce are the initial and equilibrium
concentrations of metal (mg L), respectively. The mass
balance equation for the ge is as follows:

C,—C xV
q, = % 2)

where V is the volume of solution (L), and m (g) is the
mass of biochar applied. These values will be quantitative
criteria that can be used to assess the biochar adsorption of
all metal ions studied under experimental conditions.

2.10. Adsorption kinetics and isotherm modeling

The pseudo-second-order kinetic model postulates that
chemisorption is the rate-limiting step and was employed
to analyze the adsorption kinetics of Pb(II), Zn(II), and
Ni(II). In Equation 3:

t_1 .t
a9, kg q, ®

qt (mg/g) is the ge at time ¢ (min), ge (mg/g) is the qe at
equilibrium, and k, (g/mg-min) is the rate constant.

The equilibrium adsorption data were fitted with the
Langmuir isotherm model that describes monolayer
adsorption at a homogeneous surface. In Equation 4:

C 1 C

e e

=t )
qe qmaxKL qmax

Ce (mg/L) refers to the equilibrium concentration, gmax
(mg/g) refers to the maximum qe, and K, (L/mg) is related
to the affinity of binding sites.

2.11. Statistical analysis

All experiments were performed in triplicate, and results
are expressed as mean * standard deviation. Statistical
analyses were performed using the SAS software (SAS
Institute Inc., United States of America). One-way analysis
of variance was used to evaluate mean differences among
treatments, with Tukey’s test for mean comparison
conducted at a p < 0.05 significance level. Letters in the
tables denote statistically significantly different treatments.
Note that the variation between replicate measurements
fell within the limits of experimental error, indicating that
the derived data were reproducible.

3. Results

3.1. Fourier transform infrared analysis of date-pit-
derived biochar

The FTIR spectrum of the as-synthesized date-pit-derived
biochar (Figure 1) showed the presence of various oxygen-
containing functional groups. The broad absorption band
observed between 3470 and 3,360 cm™ corresponds to O-H
stretching vibrations of hydroxyl and phenolic groups. The
peaks at 3,005-2,853 cm™! are attributed to aliphatic C-H
stretching vibrations associated with the organic carbon
structure of the biochar. A distinct absorption band at
around 1,743 cm™ indicates the presence of C=0O stretching

vibrations characteristic of carboxylic groups.

3.2. Surface charge characterization: Determination
of pHpzc

The surface charge behavior of the biochar was evaluated
using the pH drift method. As shown in Figure 2, the ApH
(pHf - pHi) curve intersected the zero line at approximately
pHpzc = 6.0, indicating that the net surface charge of the
biochar is neutral at this pH. At pH values below pHpzc,
the ApH values were positive, whereas at pH values above

pHpzc, the ApH values were negative.

3.3. Effect of contact time on heavy metal
adsorption

The adsorption kinetics of Pb(II), Zn(II), and Ni(II) onto
date-pit-derived biochar were evaluated over 5-120 min
under fixed experimental conditions (C, = 20 mg/L, pH =
7, adsorbent dose = 0.05 g). The kinetic adsorption data for
Pb(II), Zn(II), and Ni(II) are presented in Tables 1, 2, and
3, respectively

3.3.1. Pb(ll)

As shown in Table 1, the ge of Pb(II) increased from 11.9
+ 0.4 mg/g at 5 min to 18.1 + 0.3 mg/g at 60 min. During
the same period, the Ce decreased from 8.1 + 0.3 mg/L to
1.9 + 0.1 mg/L, with a corresponding Removal % of 90.5
+ 0.9%. At longer contact times, adsorption approached
equilibrium, with qe reaching 18.5 + 0.3 mg/g and Removal

% 0f 92.5 + 0.7% at 120 min.

3.3.2.Zn(ll)

The qe of Zn(II) increased from 7.5 + 0.4 mg/g at 5 min
to 13.0 + 0.3 mg/g at 60 min, as shown in Table 2. During
this period, the Ce decreased from 12.5 + 0.5 mg/L to
7.0 £ 0.3 mg/L, while the Removal % increased from
37.5 £ 1.8% to 65.0 + 1.1%. At longer contact times,
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Figure 1. Fourier transform infrared spectra of the date-pit-derived biochar recorded over the wavenumber range of 4,000-500 cm™ in ATR mode.
The spectrum shows broad bands due to O-H stretching (3,470-3,360 cm™), aliphatic C-H stretching vibrations (3,005-2,853 cm™), C=0 stretching
vibrations (1,743 cm™), and functional groups associated with C=C, carboxylate (COO") and C-O bonds within the 1,500-1,000 cm™" region.

Figure 2. Determination of the point of zero charge (pHpzc) of date-pit-derived biochar using the pH drift method. The relationship between ApH (pHf —
pHi) and the initial pH (pHi) was evaluated in 0.01 M NaCl solution using 0.05 g biochar and 50 mL solution after 24 h equilibration at room temperature.
The intersection point at ApH = 0 corresponds to the pHpzc value.
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Table 1. Impact of contact time on Pb(II) adsorption onto the date-pit-derived biochar

Time (min) Ce (mg/L) Removal (%) qe (mg/g)
5 8.1+0.3¢ 59.5 £ 1.6 11.9 £ 0.4
10 6.2+0.3 69.0 + 1.4° 13.8+0.5°
20 4.0+0.2° 80.0 £ 1.3° 16.0 + 0.4°
30 2.8+0.2% 86.0 + 1.1 17.2 £ 0.3®
60 1.9+0.1* 90.5 +0.9* 18.1 £0.3*
90 1.6 £0.1* 92.0 £0.8 18.4 +0.3*
120 1.5+£0.1* 92.5+0.7* 18.5+0.3*

Notes: Adsorption of Pb(II) at varying contact times under constant experimental conditions (C, = 20 mg/L, pH = 7, adsorbent dose = 0.05 g, V = 50
mL). Results are given as mean + SD (n = 3). Different superscript letters indicate significant differences (one-way ANOVA followed by Tukey’s test, p <
0.05).

Table 2. Effect of contact time on the adsorption performance of Zn(II) onto date-pit-derived biochar

Time (min) Ce (mg/L) Removal (%) qe (mg/g)
5 12.5 £ 0.5¢ 375+ 1.8 7.5+ 0.4°
10 11.1 +0.4° 445+ 1.6 8.9+0.4°
20 9.2+0.4° 54.0 + 1.4° 10.8 £ 0.4°
30 8.1 +0.3® 59.5+ 1.2 11.9 £ 0.3®
60 7.0+0.3* 65.0 £ 1.1° 13.0 £0.3*
90 6.7 £0.3* 66.5 £ 1.0° 13.3+£0.3*
120 6.6 £0.3* 67.0 £0.9* 13.4+0.3*

Notes: Adsorption of Zn(II) at varying contact times under constant experimental conditions (C, = 20 mg/L, pH = 7, adsorbent dose = 0.05 g, V = 50
mL). Results are given as mean + SD (n = 3). Different superscript letters indicate significant differences (one-way ANOVA followed by Tukey’s test, p <
0.05).

Table 3. Influence of contact time on Ni(II) adsorption by date-pit-derived biochar

Time (min) Ce (mg/L) Removal (%) qe (mg/g)
5 15.0 £ 0.6° 25.0 £ 1.6° 5.0x0.3¢
10 14.0 £ 0.5° 30.0 + 1.5° 6.0 +0.3°
20 12.8 £0.5° 36.0 +£1.4° 7.2 +0.3°
30 12.0 + 0.4 40.0 + 1.3 8.0 + 0.3
60 11.0 £ 0.4 45.0 £ 1.2° 9.0 £0.3*
90 10.6 £ 0.4* 47.0£1.1* 9.4+0.3*
120 10.4 £ 0.4 48.0 £ 1.0° 9.6 £0.3*

Notes: Adsorption of Ni(II) at varying contact times under constant experimental conditions (C, = 20 mg/L, pH = 7, adsorbent dose = 0.05 g, V = 50
mL). Results are given as mean + SD (n = 3). Different superscript letters indicate significant differences (one-way ANOVA followed by Tukey’s test, p <
0.05).
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adsorption approached equilibrium, with qe reaching 13.4
+ 0.3 mg/g and Removal % of 67.0 £ 0.9% at 120 min.

3.3.3. Ni(ll)

The ge of Ni(II) increased from 5.0 + 0.3 mg/g at 5 min
to 9.0 + 0.3 mg/g at 60 min, as shown in Table 3. The
equilibrium concentration (Ce) decreased from 15.0 £ 0.6
mg/L to 11.0 + 0.4 mg/L, with a corresponding Removal %
of 45.0 + 1.2%. At 120 min, qe reached 9.6 + 0.3 mg/g, and
Removal % increased to 48.0 + 1.0%.

Figure 3 shows the variation of Removal % with contact
time for Pb(II), Zn(II), and Ni(II) over the range of
5-120 min, where Pb(II) exhibited higher removal values

compared to Zn(II) and Ni(II).

3.3.4. Kinetic modeling

The pseudo-second-order kinetic model was applied to
the experimental data. The plots of t/qt versus t showed
linear relationships for all studied metals, with correlation
coefficients (R? > 0.99). The calculated qe were consistent
with the experimental values. The pseudo-second-order
plots for Pb(II), Zn(II), and Ni(II) are presented in Figure
4.

3.4. Effect of solution pH on heavy metal adsorption

The effect of solution pH on the adsorption of Pb(II),
Zn(II), and Ni(IT) was evaluated over the pH range of 3-9
under constant experimental conditions (C, = 20 mg/L,
contact time = 60 min, adsorbent dose = 0.05 g). The
results are presented in Tables 4, 5, and 6.

3.4.1. Pb(l)

The pH dependency of Pb(II) adsorption is presented in
Table 4. At pH 3, qe was 11.1 + 0.4 mg/g, Ce was 8.9 + 0.4
mg/L, and the Removal % was 55.5 + 1.7%. Increasing pH
to 7 resulted in qe of 18.2 + 0.3 mg/g and Ce of 1.8 + 0.2
mg/L, with a Removal % of 91.0 + 1.0%. At pH 9, qe was
18.5 + 0.3 mg/g and Removal % reached 92.5 + 0.9%, with
no significant difference compared to pH 7 (p > 0.05).

3.4.2.Zn(lI)

As shown in Table 5, the qe of Zn(II) increased from 6.0 +
0.3 mg/g at pH 3 to 13.0 + 0.3 mg/g at pH 7, and reached
13.6 + 0.3 mg/g at pH 9. The removal % increased from
30.0 + 1.7% to 65.0 + 1.2% and further to 68.0 £ 1.1% at
pHO.

3.4.3. Ni(ll)

As shown in Table 6, the qe of Ni(II) increased from 4.0 +
0.3 mg/gat pH 3 t0 9.0 + 0.3 mg/g at pH 7, and reached 9.8
+ 0.3 mg/g at pH 9. The Removal % increased from 20.0 +

1.5% to 45.0 + 1.2% and reached 49.0 + 1.1% at pH 9.

3.4.4. Graphical representation of the pH effect

Figure 5 shows the variation of Removal % with pH for
Pb(II), Zn(II), and Ni(II) over the range of pH 3-9.

3.5. Adsorption isotherms and equilibrium behavior

Equilibrium adsorption experiments were conducted
under optimal conditions (pH = 7, contact time = 60 min)
using initial metal concentrations ranging from 5 to 50
mg/L. The equilibrium adsorption data for Pb(II), Zn(II),
and Ni(IT) are presented in Tables 7, 8, and 9.

3.5.1. Langmuir isotherm analysis

The equilibrium data were analyzed using the Langmuir
isotherm model. The plots of Ce/qe versus Ce showed
linear relationships for all studied metals, with correlation
coefficients (R* > 0.98). The corresponding plots are
presented in Figure 6.

3.5.2. Pb(l)

As shown in Table 7, the qe of Pb(II) increased from 4.4 +
0.2 mg/g at an initial concentration of 5 mg/L to 39.6 + 0.7
mg/g at 50 mg/L. The Ce increased from 0.6 + 0.1 mg/L to
10.4 + 0.5 mg/L with increasing initial concentration.

3.5.3.2Zn(ll)

As shown in Table 8, the qe of Zn(II) increased from 3.8 +
0.2 mg/g at 5 mg/L to 23.5 + 0.6 mg/g at 50 mg/L. The Ce
increased with increasing initial concentration.

3.5.4. Ni(ll)

As shown in Table 9, the ge of Ni(II) increased from 3.3 +
0.2 mg/g at 5 mg/L to 21.0 £ 0.6 mg/g at 50 mg/L. The Ce
increased with increasing initial concentration.

3.5.5. Comparative equilibrium analysis

Figure 7 clearly shows that qe rises nonlinearly with an
increase of C for all metal ions, due to the continuous
coverage of the surface. Atlower concentrations, adsorption
mainly takes place in high-energy sites with low Ce and
high removal. At higher concentrations, the occupation of
high-affinity sites occurs, and adsorption begins to occur
in lower energy sites, resulting in a slow increase in Ce

close to saturation.

3.6. Comparative adsorption capacity of Pb(ll),
Zn(ll), and Ni(ll)

Figure 8 compares the maximum adsorption capacities
of Pb(II), Zn(II), and Ni(IT) under identical experimental
conditions. The results show that Pb(II) exhibited the
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Figure 3. Influence of contact time on the adsorption of Pb(II), Zn(II), and Ni(II) by date-pit-derived biochar

Figure 4. Pseudo-second-order kinetic plots (t/qt versus t) for Pb(II), Zn(II), and Ni(II)
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Table 4. Influence of pH on the removal efficiency and adsorption capacity of Pb(II) ions by date-pit-derived biochar

pH Ce (mg/L) Removal (%) qe (mg/g)
3 8.9 +0.4¢ 55,5+ 1.7 11.1 £ 0.4¢
5 3.9+0.3 80.5 + 1.3 16.1 + 0.4°
7 1.8 £0.2* 91.0 £1.0* 18.2+£0.3*
9 1.5+£0.2* 92.5+0.9* 18.5+0.3*

Notes: Pb(Il) adsorption at different pH values under constant experimental conditions (C; = 20 mg/L, contact time = 60 min, adsorbent dose: 0.05 g, V
=50 mL). Results are given as mean + SD (n = 3). Different superscript letters indicate significant differences (one-way ANOVA followed by Tukey’s

test, p < 0.05).

Table 5. pH-dependent removal efficiency and adsorption capacity of Zn(II) by date-pit-derived biochar

pH Ce (mg/L) Removal (%) qe (mg/g)
3 14.0 £ 0.6° 30.0 £ 1.7¢ 6.0 £0.3°
5 9.3+0.4° 53.5+ 1.5 10.7 + 0.4°
7 7.0+0.3* 65.0 £1.2° 13.0 £0.3*
9 6.4+0.3* 68.0 £ 1.1* 13.6 £0.3*

Notes: Zn(II) adsorption at different pH values under constant experimental conditions (C, = 20 mg/L, contact time = 60 min, adsorbent dose = 0.05 g,
V =50 mL). Results are given as mean + SD (n = 3). Different superscript letters indicate significant differences (one-way ANOVA followed by Tukey’s

test, p < 0.05).

Table 6. Effect of solution pH on Ni(II) removal efficiency and adsorption capacity using date-pit-derived biochar

pH Ce (mg/L) Removal (%) qe (mg/g)
3 16.0 £ 0.6¢ 20.0 + 1.5¢ 4.0+0.3c
5 12.6 + 0.5b 37.0 £ 1.4b 7.4+0.3b
7 11.0+0.4a 450+ 1.2a 9.0+0.3a
9 10.2 £ 0.4a 49.0 + 1.1a 9.8+0.3a

Notes: Ni(II) adsorption at different pH values under constant experimental conditions (Co = 20 mg/L, contact time = 60 min, adsorbent dose = 0.05 g,
V =50 mL). Results are given as mean + SD (n = 3). Different superscript letters indicate significant differences (one-way ANOVA followed by Tukey’s

test, p < 0.05).

Table 7. Adsorption isotherm for Pb(II) under different initial
concentrations

Table 8. Equilibrium adsorption of Zn(II) at different initial
concentrations

C, (mg/L) Ce (mg/L) qe (mg/g) C, (mg/L) Ce (mg/L) qe (mg/g)
5 0.6 £0.1¢ 4.4+0.2° 5 1.2+£0.2° 3.8+0.2¢
10 1.4+0.2° 8.6+0.3 10 2.9+0.3° 7.1+0.3°
20 1.5+0.2° 18.5+0.4° 20 6.4+0.4° 13.6 + 0.4°
30 3.4+0.3% 26.6 + 0.5® 30 11.5 +0.5® 18.5+0.5®
40 6.2 £ 0.4 33.8+0.6* 40 18.0 £ 0.6* 22.0 £ 0.6
50 10.4 £ 0.5* 39.6 +0.7% 50 26.5+£0.7* 23.5+0.6

Notes: Pb(II) equilibrium adsorption data at varying initial
concentrations under the optimum conditions for adsorption (pH

=7, contact time = 60 min, adsorbent dose = 0.05 g). C is the metal
initial concentration. Results are given as mean + SD (n = 3). Different
superscript letters indicate significant differences (one-way ANOVA
followed by Tukey’s test, p < 0.05).

Notes: Zn(II) equilibrium adsorption data at varying initial
concentrations under the optimum conditions for adsorption (pH =
7, contact time = 60 min, and adsorbent dose = 0.05 g). C_ is the metal
initial concentration. Results are given as mean + SD (n = 3). Different
superscript letters indicate significant differences (one-way ANOVA
followed by Tukey’s test, p < 0.05).
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Figure 5. Effects of solution pH on the removal efficiency (%) of Pb(II), Zn(II), and Ni(II) using date-pit-derived biochar

Figure 6. Linear Langmuir plots (Ce/qe versus Ce) for Pb(II), Zn(II), and Ni(II)

Volume 23 Issue 4 (2026) 10 doi: 10.36922/AJWEP026140095


https://doi.org/10.36922/AJWEP026140095

Asian Journal of Water,
EnVironment and PO“.ution Removal of Pb, Zn, and Ni by date-pit biochar

Figure 7. Experimental adsorption isotherms and model fitting curves for Pb(II), Zn(II), and Ni(II) adsorption onto date-pit-derived biochar under
optimized conditions (pH 7, contact time = 60 min, adsorbent dose = 0.05 g). Symbols represent experimental equilibrium data, while solid and dashed
lines indicate Langmuir and Freundlich isotherm fits, respectively.

Abbreviations: Ce: equilibrium metal ion concentration; qe: equilibrium adsorption capacity.

Figure 8. Comparison of the maximum adsorption capacities (qmax) of Pb(II), Zn(II), and Ni(II) onto date-pit-derived biochar under dentical experimental
conditions (pH 7, contact time = 60 min, adsorbent dose = 0.05 g). Values are expressed as mean + SD (n = 3).

Volume 23 Issue 4 (2026) " doi: 10.36922/AJWEP026140095


https://doi.org/10.36922/AJWEP026140095

Asian Journal of Water,
Environment and Pollution

Removal of Pb, Zn, and Ni by date-pit biochar

highest qe, followed by Zn(II), while Ni(II) showed the
lowest values.

Table 9. The adsorption isotherm of Ni(II) at different initial
concentrations

C, (mg/L) Ce (mg/L) qe (mg/g)
5 1.7 0.2 33+02°
10 4.0+0.3 6.0 0.3
20 10.2 +0.4° 9.8+0.3
30 16.0 % 0.5 14.0 + 0.4
40 22.0 £0.6° 18.0 + 0.5°
50 29.0 £ 0.7 21.0 £ 0.6*

Notes: Ni(II) equilibrium adsorption data at varying initial
concentrations under the optimum conditions for adsorption (pH =
7, contact time = 60 min, dose of sorbent = 0.05 g). C is the metal
initial concentration. Results are given as mean + SD (n = 3). Different
superscript letters indicate significant differences (one-way ANOVA
followed by Tukey’s test, p < 0.05).

4, Discussion

The adsorption of Pb(II), Zn(II), and Ni(II) on date-
pit-derived biochar can be attributed to cooperative
mechanisms  involving surface complexation, ion
exchange, and electrostatic interactions. The FTIR
spectrum presented in Figure 1 confirms the presence of
oxygen-containing functional groups that may contribute
to metal adsorption. The broad band around 3,400 cm™
was attributed to hydroxyl (-OH) stretching vibrations,
while the peaks near 1,743 cm™ corresponded to carbonyl
(C=0) groups. Functional groups within the 1,500-1,000
cm™ region were associated with C=C, COO~, and C-O
bonds. These oxygen-containing groups may serve as active
adsorption sites for divalent metal ions through surface
complexation, ion exchange, and electrostatic interactions,
as previously reported for biochar-based adsorbents.?>*

Cation adsorption, depending markedly on the pH
value of the solution, also suggests that there may be a
surface complexing and electrostatic attraction mechanism.
Moreover, at low pHs, the protonation of the functional
groups on the surface will induce a more positive charge
and lower site density available for effective adsorption,
with an electrostatic repulsion as well as competition from
H+.10

With an increase in the pH to close to neutral,
deprotonation of surface functional groups increases the
negative charge density on the biochar surface, which is
more facilitative for electrostatic attraction, favoring inner-
sphere complexes formation of metal ions with the biochar

matrix. This pH-dependent adsorption has been well
documented for divalent heavy metals onto biochar.?**

Ion-exchange reactions, in addition to the overall
adsorption mechanism, are linked to divalent metal ions
(M*) replacing alkali and alkaline earth metal cations
like K*, Na*, Ca*, and Mg** that predominate on biochar
surfaces.”? The better fitting of the Langmuir isotherm
model indicates that monolayer adsorption onto a finite
number of energetically equivalent active sites, namely,
a chemisorption-controlled process.* The inferior ge for
Ni(IT) when compared with Pb(II) and Zn(II) may be
associated with the stronger hydration sphere and bigger
hydrated ionic radius of Ni earlier, which restrains the ability
to get close to effective sites.”” The adsorption mechanisms
of the adsorbate on the biochar surface are controlled by
chemical interactions, that is, (i) surface complexation
and (ii) ion exchange, as well as (iii) physical adsorption
in porous biostructure, which occurs simultaneously.
The qe achieved in the present study compares well and
exceeds, in some cases, biochars prepared from other
agroindustrial waste resources, proving the technical
feasibility of developing date pits into a functionalized
adsorbent®. The clear difference in adsorption capacities
among the studied metals further confirms the selective
behavior of the prepared biochar. This selectivity is highly
desirable for practical water treatment applications where
toxic heavy metals, such as Pb(II), are often removed
preferentially. These results suggest that date-pit-derived
biochar is a relatively selective adsorbent material that
can be effectively applied for the removal of Pb(II), Zn(II),
and Ni(II), and it may also show potential applicability in
mixed-metal systems.

These findings generally suggest that date-pit-derived
biochar, as an affordable and plentiful resource, could
be successfully applied for the treatment of heavy metal-
contaminated waters."> Pb(II) was more dependent on pH,
and the limits of loose surface coverage were confirmed for
inner-sphere complexation adsorption mechanisms.””*
The ability to exploit the pH-sensitive response that was
observed highlights the importance of controlling solution
chemistry in practical realizations. This higher adsorption
under near-neutral conditions suggests that biochar
derived from date-pit-derived can be potentially applied
without serious pH adjustment.? This is advantageous for
practical water-treatment systems. This advantage enhances
its ideal applicability for decentralized, inexpensive
treatments, particularly with regard to regions where
advanced water treatment plants™ are not easily accessible.
As a potential high-efficiency adsorbent, the prepared
date-pit-derived biochar could effectively adsorb, but it
may have better performance using chemical activation or
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surface modification. The larger surface functional groups,
porosity, or active binding sites could provide a greater
capability to bind metal with several forms of treatment.
Future investigations should examine such a modification
to improve adsorption efliciency.™

The pseudo-second-order kinetic model fitted the
experimental data well, showing that chemisorption is
accepted as the dominant mechanism, involving strong
interactions between metal ions and surface functional
groups.’**® No significant differences were observed
among the 60-, 90-, and 120-min time points (p > 0.05),
suggesting that adsorption approached equilibrium
within 60 min. The ordering contributions of hydration
energy, ionic radius, and organic inertness to the sequence
conferring second were similar to those reported in
previous comparative adsorption studies, where functional
group-driven order or stage sequences were noted for
their respective ion recognition capacity.***” General data
patterns for adsorption kinetics indicated that date pit
biochars in general had a high affinity for Pb(II) but only
low to moderate capabilities for Zn(II) and Ni(II). This
behavior was indicative that adsorption could indeed be
dependent on the prior contact time in conjunction with the
relative affinity of metal ions to surface functional groups
that are available. The rapid equilibrating characteristic
within 60 min illustrates the potential use of this material
as an inexpensive adsorbent in aqueous systems with brief
contact periods.!® This plateau behavior here suggests
some filling of high-energy adsorption sites with weak
limitations imposed by diffusion entering less accessible
pores, validating the models of diffusion-limited sorption
processes presented for biochar systems.” In addition, the
Langmuir isotherm model showed a monolayer adsorption
on a surface that had all sites with equal energies.* It
reveals strong adsorption affinity and therefore a very great
extent of removal for low Ce, whereas an increase in Ce at
higher initial metal ion concentration indicates progressive
saturation of the available adsorptive sites. The gradual
occupation of the binding sites reveals a stepwise filling of
high-energy ones with less favorable bindings.

The role of surface charge is further substantiated by the
effect of pH on adsorption performance. Deprotonation
of functional groups at pH values greater than the pHpzc
further increases electrostatic attraction between negatively
charged surfaces and metal cations.>* The progressive
improvement in Zn(II) adsorption with increasing pH was
attributed to decreasing competition from protons and to
a greater abundance of negatively charged sites available
to bind Zn(II). Electrostatic attraction is much stronger in
this pH range and, in particular, as surface charge increases
towards more negative values.” The affinity, however,

remains weaker than that for Pb(II), as is consistent with the
different complex stability and hydration characteristics.”
The observed selectivity (Pb > Zn > Ni) can be attributed
to differences in hydration energy, ionic radius, and
complexation stability’>*. Ni(II) exhibited lower qe due to
its strong hydration shell, which limits its interaction with
surface functional groups compared to Pb(II) and Zn(II).!

Since the batch experiments in the current study were
operated under controlled single-metal conditions, it is
important to consider this when interpreting our results.
Changing the pH of a solution with 0.1M HCI and 0.1M
NaOH formation also modifies the ionic strength of
the solution, which can affect adsorption behavior by
altering electrostatic interactions and ionic competition in

system.*"*

The preferential order of Pb(II) > Zn(II) > Ni(II) may
be related to differences in ionic radius, hydration energy,
and complex stability with oxygen-containing functional
groups (due to their high hydrophilicity compared to
those present in raw biomass). However, adsorption
performance is a bit metal specific, depending on the
appropriate physicochemical properties (ionic radius,
energy of hydration, and stability of the formed complex),
and cannot be generalized across all ions."**

Metal ions seldom exist as a single species in actual
wastewater systems; instead, they co-exist as mixed
pollutants. Competitive adsorption might take place under
this situation, in which more than one metal ion acts to
adsorb on the same active binding sites, and the economic
value of some heavy metals observed in single-metal
systems would reduce.??

In addition, natural organic matter in water systems
may also have a critical impact on adsorption. Natural
organic matter can complex with metal ions, forming
soluble complexes, block sites for adsorption, and change
the surface charge of the adsorbent, impacting the
efficiency of adsorption.®*

While the adsorption data observed in this study were
fitted appropriately to the Langmuir isotherm model,
indicative of monolayer adsorption under controlled
conditions, environmental systems are considerably more
complicated. Thus, assuming ideal monolayer adsorption
should be regarded merely as simplifying rather than exact
representations of the phenomenological description of
the sorption process in complex surfaces.*

It would be valuable to evaluate the performance of date-
pit-derived biochar in multi-metal systems as well as with
natural organic matter to determine if those two factors
could improve applicability under realistic environmental
conditions.! A third technical problem deals with the
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durability of the metals adsorbed on the biochar surface
after treatment.”® Desorption, regeneration, and reuse
should be evaluated because these factors determine
whether the adsorbent can be translated from single-use
laboratory tests to full-scale applications. Biochar has also
shown great promise as a low-cost adsorbent, but studies
indicate that its field-scale adsorption performance is highly
dependent upon parameters including the composition of
wastewater, competing ions, and natural organic matter,
and it may decline in efficiency after repeated use.'"

5. Conclusion

In the present study, date-pit-derived biochar was evaluated
for the removal of aqueous Pb(II), Zn(II), and Ni(II) from
aqueous solutions in batch experiments. Adsorption
equilibrium was attained within 60 min, and pH revealed
a significant impact on the Removal %, with maximum
adsorption observed under near-neutral conditions (pH
7). The order of maximum adsorption capacities was Pb(II)
> Zn(II) > Ni(II), which depended on the differences in
hydration energy (hydrated ions), affinity to the surface
functional groups, and cation exchange capacities of each
metal. Therefore, the pseudo-second-order kinetic model
and Langmuir isotherm fitted with the adsorption process,
indicating that chemisorption and monolayer adsorption
are the majority mechanisms. The findings showed the
selective adsorption characteristics of prepared biochar,
especially a significant preference for Pb(II), an important
contaminant.

Overall, date-pit-derived biochar represents a
sustainable and locally available material with promising
potential for application in decentralized and low-cost
water treatment systems. The valorization of agricultural
waste into functional adsorbent materials offers an
environmentally friendly approach to addressing heavy
metal contamination in water resources.
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