Aksaray University

Journal of Science and Engineering

e-ISSN: 2587-1277
http://asujse.aksaray.edu.tr

Aksaray J. Sci. Eng.
Volume 10, Issue 2, pp. 72-85.

Available online at Der gil\)&f...ilﬁ

Research Article

Olive Mill Residue as an Innovative Adsorbent for Iron(III) Removal: Understanding
Adsorption Models and Kinetics
Khaled Muftah Elsherif'” “, Abdunaser Mabrok Ewlad-Ahmed? ", Rima Abdessalam Saad?

!Department of Medical Laboratory Sciences, Faculty of Health Science, Misurata University, Misurata, Libya.
’Chemistry Department, Faculty of Arts and Science Msallata, Elmergib University, Al-Khoms, Libya.

Keywords

Waste water treatment, Heavy
metals removal, Olive mill residue,
Adsorption isotherms, Adsorption

Abstract
This research sought to assess the capability of olive mill residue as an economical and
highly efficient adsorbent for extracting iron(Ill) from aqueous solutions. The

kinetic adsorption process was systematically investigated under varying conditions of contact
Article information time, pH, adsorbent dose, and initial iron(III) concentration, with the experimental data
Received : Jun 01, 2026 fitted to seven isotherm models and four kinetic models. The Langmuir isotherm
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Accepted  : Aug 06,2026 demonstrated the highest correlation (0.994), with a maximum adsorption capacity of
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9.19 mg/g and a strong affinity (0.179 L/mg), suggesting single-layer adsorption over
a uniform surface. Kinetic studies revealed that adsorption follows pseudo-second-
order kinetics (correlation coefficient = 1.000), suggesting chemisorption as the
dominant mechanism, with rapid equilibrium achieved within 20 minutes. Under
optimal conditions, the adsorbent showed exceptional performance across a broad
range of iron(II) concentrations, achieving up to 99% removal efficiency. This study
introduces the innovative use of olive mill residue—an abundant agricultural by-
product—as a sustainable and cost-effective adsorbent for removing iron(Ill) from
water. By converting olive mill residue—an abundant agricultural by-product—into an
effective adsorbent, we present an environmentally friendly solution to reduce iron(I1I)
contamination in water. This approach not only tackles water pollution but also
supports the circular economy by repurposing waste materials that might otherwise be
discarded. Our results demonstrate that this adsorbent has practical potential, offering
a cost-effective and accessible alternative to conventional treatment methods, which
are often expensive. This work highlights the importance of exploring low-cost,
renewable materials for environmental remediation and sets the stage for future

Iz: izlik.org/JA85DNS3ME ¢ tetl .
research into similar waste-derived adsorbents.
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1. Introduction

One of the most prevalent metals in the crust of the Earth is iron (Fe), which is essential to both industrial and natural
ecosystems. Even while biological and ecological systems depend on only trace quantities of iron to sustain processes
like oxygen transport and enzyme activity, high iron concentrations in water bodies can negatively impact the environment
and human health [1]. Anthropogenic activities, such as mining, metallurgical processes, industrial discharges,
agricultural runoff employing iron-based fertilizers, and natural processes, such as soil erosion and weathering of iron-
rich rocks, are the sources of iron pollution [2].

Iron is an essential nutrient for aquatic life, plants, and people at acceptable levels. However, elevated iron levels in water
can cause issues with appearance, functionality, the environment, and human health. On an operational level, excessive
iron levels lead to sludge and scale buildup, pipeline blockage, and fouling of water distribution systems. On an aesthetic
level, they produce an unpleasant taste, colour, and urease. Iron poisoning damages aquatic life and upsets the ecological
equilibrium in the environment. From a health standpoint, long-term exposure to high iron levels in water can cause
diseases, including hemochromatosis, diabetes, anemia, liver damage, heart disease, and gastrointestinal issues [3,4].

The critical need for efficient treatment of iron-contaminated water is highlighted by the twin difficulties of preserving
water infrastructure and protecting public health. Although traditional methods like membrane separation, coagulation-
flocculation, electrocoagulation, ultrafiltration, and advanced oxidation have been used, they frequently have problems
like low efficiency, secondary sludge generation, high operating costs, and sensitivity to process conditions. Adsorption
has thus become a very effective and economical substitute for extracting iron and other heavy metals from aqueous
solutions [5-12].
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Activated carbon (AC) is well known among a variety of adsorbents due to its high adsorption capacity, huge surface
area, and well-developed pore structure. However, the expensive expense of producing traditional AC—which is usually
made from wood, coal, lignite, and peat—restricts its widespread use [13]. Researchers have looked at sustainable and
affordable alternatives to these financial obstacles, and agricultural waste has shown much promise as a bio-adsorbent.
Orange peels, mesembryanthemum leaves, coconut shells, pomegranate peels, and olive leaves are a few examples [14-
19]. These materials are excellent choices for sustainable water treatment because of their many benefits, which include
low cost, high adsorption capacity, energy efficiency, and low maintenance requirements [20].

Various studies have widely demonstrated the effectiveness of low-cost agricultural materials as adsorbents for removing
iron from aqueous solutions. For Fe(Il) ions, Kada et al. (2024) [21] recorded high adsorption capacities of 132.25 mg/g
and 126.35 mg/g after generating activated carbon from desert date seed shells by chemical activation. It was found that
the adsorption process was endothermic, spontaneous, and governed by chemisorption, fitting the Langmuir model. Jude
et al. (2023) [1] demonstrated how effective brown coal is in removing Fe(Il) from groundwater, with a maximum
adsorption capacity of 1.41 mg/g. The process is reliant on both pH and temperature. The material's adsorption kinetics
followed the pseudo-second-order model, showing high regeneration potential across several cycles. In their investigation
into the removal of Fe(IIl), Elsherif et al. (2017) [22] reported that orange peel powder efficiently adsorbed up to 12.26
mg/g, with adsorption favouring the Langmuir and Freundlich isotherm models. According to Elsherif et al. (2018) [23],
coffee and tea powders also showed notable adsorption capabilities for Fe(IlI), with Langmuir maximum values of 85.5
mg/g and 285 mg/g, respectively. Pseudo-second-order kinetics dominated the process, and these materials showed
enhanced adsorption effectiveness at greater initial metal concentrations and lower adsorbent doses.

In order to remove iron from aqueous solutions, this study aims to explore the use of Olive Mill Residue (OSR), an
agricultural waste product, as an inexpensive and sustainable adsorbent. The study assesses the impact of important
operational factors on OSR's adsorption effectiveness, such as pH, contact time, adsorbent dosage, and initial iron content.
The rate-controlling phases of the process are also identified by analyzing adsorption kinetics using a variety of kinetic
models. Additionally, several models evaluate the adsorption isotherms to comprehend the interaction mechanisms
between iron ions and the OSR surface.

2. Materials and Methods

2.1 Preparation of Adsorbent Material

The adsorbent material was derived from solid residues from olive mills collected from the Msallata region in Libya. The
raw residue was thoroughly washed with distilled water to eliminate impurities and dried in an electric oven at 70°C for
24 hours. Drying was carried out at a moderate temperature of 70°C to ensure complete removal of residual moisture
while avoiding thermal degradation of the surface functional groups responsible for the adsorbent's binding capacity.
After drying, the material was ground into a fine powder using a mechanical grinder, ensuring a homogeneous particle
size suitable for adsorption experiments.

2.2 Analytical Determination of Iron

The concentration of Fe(IIl) in aqueous solutions was determined spectrophotometrically using a JENWAY 6305 UV -
VIS spectrophotometer. We used established protocols from the literature [24] to ensure that our measurements of iron
concentrations before and after the adsorption process were accurate and reproducible.

2.3 Batch Adsorption Experiments

Batch adsorption experiments were conducted to evaluate the efficiency of the olive mill residue in removing Fe(III) from
aqueous solutions. The experiments were performed in 150 mL Erlenmeyer flasks, each containing 50 mL of Fe(III)
solution and 0.100 g of adsorbent powder. The solution pH was regulated as needed using 0.1 M HCl or 0.1 M NaOH.
The flasks were continuously stirred at a fixed rate of 150 rpm. and maintained at 25°C using an orbital shaker. After the
designated contact time, the solutions were filtered using Whatman No. 1 filter paper to separate the adsorbent from the
liquid phase.

2.4 Optimization of Adsorption Parameters
To systematically evaluate the adsorption process, the following key parameters were investigated:

Contact Time: A series of 50 mL Fe(III) solutions with an initial concentration of 17 mg/L and 0.1 g of adsorbent were
prepared. The contact time was adjusted between 0 and 60 minutes to ascertain the optimal duration for reaching
adsorption equilibrium.

pH Dependence: The influence of pH on adsorption efficiency was studied by preparing solutions with Fe(IIl)
concentrations of 17 mg/L, 40 mg/L, and 50 mg/L, each containing 0.1 g of adsorbent. The pH of the solutions was
adjusted within a range of 2 to 10, while the contact time was fixed at the optimal value determined from previous
experiments.
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Adsorbent Dosage: The effect of adsorbent mass on Fe(III) removal was investigated by varying the amount of powder
from 0.05 g to 1.0 g per 50 mL of solution with an initial Fe(III) concentration of 17 mg/L. The pH and contact time were
maintained at their optimal values.

Initial Metal Concentration: The impact of initial Fe(Ill) concentration was studied by preparing solutions with
concentrations ranging from 6.5 mg/L to 78.0 mg/L, each containing 0.1 g of adsorbent. The pH and contact time were
set to their previously determined optimal values.

2.5 Data Analysis and Calculations

All measurements in this study were performed in triplicate to enhance the reliability and reproducibility of the results.
The average values of these measurements were used for all calculations and analyses. The efficiency of Fe(IlI) removal
was quantified using the removal percentage (%R), calculated as [8]:

Ci-C
%R: 1 €

x 100 (1)

where C; and C. denote the initial and equilibrium concentrations of Fe(IlI) in mg/L, respectively.
The adsorption capacity (Q.), expressed as the quantity of Fe(IlI) adsorbed per unit mass of the adsorbent. (mg/g), was
determined using the equation [8]:

_ (€ CoxV

Q=" (2)

where V is the volume of the solution (L) and M is the mass of the adsorbent (g).

2.6 Adsorption Isotherms Models

To explore the adsorption mechanism and the interaction between Fe(III) ions and the adsorbent, seven isotherm models
were utilized: Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R), Elovich, Jovanovic, and Halsey. These
models characterize the distribution of Fe(IlI) ions between the solution phase and the surface of the adsorbent under
equilibrium conditions. The linear forms of these isotherm models are as follows:

e  Langmuir Isotherm:

Assumes monolayer adsorption on a homogeneous surface [10].
1 1 1

=t —
Q. Q, K.Q,C

Where Qy, is the maximum adsorption capacity (mg/g), and Ky is the Langmuir constant (L/mg).

(3)

. Freundlich Isotherm:

Describes adsorption on heterogeneous surfaces [8]:
log Q= log K¢+ % log C, 4)
Where Kk is the Freundlich constant (mg/g), and n is the heterogeneity factor.
e  Temkin Isotherm:
Accounts for adsorbent-adsorbate interactions [14]:
Q.=Br InK+Br InC, %)
Where Kr is the Temkin constant (L/mg), and Br is related to the heat of adsorption.
e  Dubinin-Radushkevich (D-R) Isotherm:
Describes adsorption on porous materials and distinguishes between physical and chemical adsorption [25]:
In Qe =1n Qum— P & 6)
€ (J/mol) stands for the Polanyi potential, and f (mol?/J?) is the D-R constant.

The following formula can be used to get the Polanyi potential (¢):
1
e=RT Log (1+ =) (7
Ce

° Elovich Isotherm:

Suitable for systems with heterogeneous adsorption sites [3]:
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lng—: =InKg Q,, - 8—; 8
Where Kg (L/mg) is the Elovich constant
e  Jovanovic Isotherm:
Similar to the Langmuir model but accounts for surface diffusion [3,14]:
InQ.=InQ_ + K;C, )

The Jovanovic isotherm constant (L/g) is denoted by Kj in this case.
e  Halsey Isotherm:

Describes multilayer adsorption on heterogeneous surfaces [25]:
1 1
ane: n—H In KH' n—H lnCe (10)

where Ky (L/mg) and ny are the constants of the Halsey model

These models were fitted to the experimental data to determine the most suitable adsorption mechanism and to evaluate
the adsorbent's performance.

2.7 Adsorption Kinetic Models
The adsorption kinetics of Fe(IlI) onto olive mill residue were analyzed using four models: pseudo-first-order, pseudo-
second-order, Elovich, and intra-particle diffusion.

The pseudo-first-order model is expressed as [8]:
k, .
2303 "

In this model, Q. and Q; represent the adsorption capacities in milligrams per gram (mg/g) at equilibrium and at time t (in
min), respectively. The rate constant is denoted by k; (with units of min'). This model assumes that the rate of adsorption
is directly proportional to the number of available adsorption sites on the adsorbent's surface. The pseudo-second-order
model is given by [8]:

In(Q,- Q) =In(Q,) - (11)

t 1 t

o K Q

where k, (min™") is the rate constant. This model describes chemisorption, where the rate is proportional to the square of
the number of unoccupied sites.

(12)

The Elovich model is represented as [10]:
1
p

where a (mg/g-min) is the initial adsorption rate and B (g/mg) is the desorption constant. This model is suitable for systems
with heterogeneous surfaces and chemisorption.

Q,= 5 In(ap) + % Int (13)

Finally, the intra-particle diffusion model is expressed as [25]:

Q = kgt/z+C (14)

where K4 (mg/g-min'/?) denotes the diffusion rate constant, while C (mg/g) represents the intercept associated with the
boundary layer thickness. This model describes the diffusion of adsorbate molecules within the pores of the adsorbent.

3. Results

3.1 Factors Affecting Adsorption Process

The effect of contact time on Fe(IIl) adsorption was investigated over a range of 0 to 60 min, as shown in Fig. la. We
simultaneously monitored %R and Q.. At the initial time (0 min), %R was 82%, and Qe. was 7.0 mg/g. Within the first
20 min, %R increased significantly to 95%, while Q. rose to 8.1 mg/g. Rapid adsorption within the first 20 min is typical
of physical adsorption processes, where the adsorbate (Fe(IlI)) quickly occupies the available active sites on the adsorbent
surface. Furthermore, the rapid increase in adsorption can be attributed to the abundant active sites available on the
adsorbent surface and the high concentration gradient at the beginning of the process [25]. Beyond 20 min, further
increases in contact time did not result in significant changes in either %R or Q., indicating that the adsorption process
had reached equilibrium. The lack of significant change beyond 20 min suggests that the remaining active sites are either
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less accessible or that the concentration gradient driving the adsorption process has diminished [26]. The short equilibrium
time of 20 min demonstrates the efficiency of the adsorbent for Fe(Ill) removal, making it suitable for practical
applications.

The influence of pH on Fe(Ill) adsorption was examined across a range of 3 to 10, as depicted in Fig. 2b. The figure
displays the variation in %R and Q. concerning pH. The results indicate that pH significantly influences adsorption, with
optimal performance observed in the slightly acidic to neutral range. At pH 3, the removal efficiency was 87%, with an
adsorption capacity of 7.4 mg/g. At low pH (acidic conditions), the adsorbent surface becomes positively charged, leading
to electrostatic repulsion between the adsorbent and Fe(III) ions [27]. High concentrations of H* ions also compete with
Fe(III) for adsorption sites, reducing efficiency [28]. As the pH increased to 4, both %R and Q. improved significantly,
reaching 96% and 8.2 mg/g, respectively. The highest adsorption performance was observed at pH 5, with a removal
efficiency of 98% and an adsorption capacity of 8.3 mg/g. At optimal pH (4-5), the adsorbent surface charge and Fe(III)
speciation favor adsorption, resulting in maximum %R and Q.. Beyond pH 5, %R began to decline. At pH 8, the %R
decreased to 91%, with Q. of 7.8 mg/g. Further increasing the pH to 10 resulted in a more pronounced decline, with %R
dropping to 82% and Q. to 6.9 mg/g. This behavior can be attributed to fluctuations in the surface charge of the adsorbent
and the speciation of Fe(IIl) ions at different pH levels. At high pH (alkaline conditions), Fe(IIl) ions tend to form
hydroxides (e.g., Fe(OH)s), which are less available for adsorption [22]. The adsorbent surface may also become
negatively charged, repulsing Fe(III) ions.

The effect of adsorbent dose on Fe(III) adsorption was investigated over a range of 0.05 g to 1.00 g, as illustrated in Fig.
lc. The figure displays the variation in %R and Q. concerning the adsorbent dose. The results reveal contrasting trends
for %R and Q. as the adsorbent dose increased. The %R at the lowest adsorbent dose of 0.05 g was 79%, with Q. of 14
mg/g. As the adsorbent dose increased, the %R improved significantly, reaching 99% at the highest dose of 1.00 g. By
increasing the adsorbent dose, we provide more active sites for Fe(III) adsorption, which leads to improved %R [29]. This
is particularly important when treating water with high concentrations of Fe(IlI). However, Q. showed an opposite trend,
decreasing from 14 mg/g at an adsorbent dose of 0.05 g to 0.84 mg/g at 1.00 g. As the adsorbent dose increases, the
amount of Fe(IIl) adsorbed per unit mass of adsorbent decreases. This is because the fixed amount of Fe(III) in the solution
is distributed over a larger mass of adsorbent, reducing the adsorption capacity per gram [30]. The results highlight a
trade-off between achieving high removal efficiency and maximizing adsorption capacity. For practical applications, the
optimal dose should balance these two factors based on specific requirements.

The initial Fe(IIl) concentration effect on adsorption was investigated over a range of 5 to 80 mg/L, as illustrated in Fig.
1d. The figure displays the variation in both %R and Q. concerning the initial Fe(III) concentration. The results reveal
distinct trends for %R and Q. as the initial concentration increased. At the lowest initial concentration of 5 mg/L, %R was
81%, with Q. of 2.6 mg/g. As the initial concentration increased to 10 mg/L, %R improved slightly to 83%, while Q.
increased significantly to 5.4 mg/g. This trend continued, with %R reaching 94% and Q. reaching 37 mg/g at the highest
initial concentration of 80 mg/L. At higher initial Fe(Ill) concentrations, the driving force for mass transfer increases,
leading to improved removal efficiency. This is because more Fe(IIl) ions are available to interact with the adsorbent's
active sites [4,8,31]. Moreover, the adsorption capacity increases significantly with higher initial concentrations because
the adsorbent can capture more Fe(III) ions per unit mass. This is particularly beneficial for treating highly contaminated
water. The adsorbent's ability to maintain high %R and Q. across a wide range of initial concentrations demonstrates its
versatility and effectiveness in addressing various levels of Fe(IIl) contamination.
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Figure 1. Effect of various parameters on Fe adsorption onto OSR: a) time, b) pH, c) adsorbent dose, d) initial
concentration.

The findings of this study align with, and in some instances surpass, those reported in the literature for Fe(IIl) adsorption
using different adsorbents. For instance, Hashemian et al. (2013) [32] observed that the adsorption of Fe(IlI) onto Linde
Type-A zeolite reached equilibrium at 90 min, with optimal performance at pH 6, similar to our findings where
equilibrium was achieved at 20 min and optimal pH was 5—6. However, our adsorbent demonstrated a faster equilibrium
time, highlighting its efficiency. Kada et al. (2024) [21] reported that activated carbon from desert date seed shells
achieved saturation within 15-20 min, aligning with our equilibrium time of 20 min. However, their adsorption capacities
(24.94-2.25 mg/g for DDSSA and 25.58-2.23 mg/g for DDSSS) were lower than our maximum capacity of 37 mg/g at
80 mg/L initial concentration. Kamal et al. (2019) [33] found that modified carrageenan beads achieved equilibrium at 15
min, with removal efficiencies of 96.9% at pH 7 and 98.8-99.0% at pH > 8, which is comparable to our results of 98%
removal at pH 5. However, their study focused on Fe ions in general, while our work specifically targeted Fe(III). Elsherif
etal. (2017,2018) [22,23] investigated the adsorption of Fe(IlI) using orange peels, olive leaves, coffee, and tea powders.
They reported optimal conditions at pH 4—6, 0.1 g adsorbent dose, and 20-30 min contact time, which closely matches
our optimal conditions of pH 5, 0.5 g dose, and 20 min equilibrium time. Notably, our adsorbent achieved a higher
removal efficiency (99%) compared to their reported values (55-95%), demonstrating the superior performance of olive
mill residue.

3.2 Adsorption Isotherms Study

The experimental data for Fe(IIl) adsorption were fitted to these isotherm models and their linear plots are presented in
Figs. 2a, 2b, 2c, 2d, 2e, 2f, and 2g, with the Langmuir isotherm providing the best fit (R?> = 0.994), indicating that the
adsorption process is primarily monolayer and occurs on a homogeneous surface. The Elovich (R? =0.977) and Jovanovic
(R? = 0.9736) models also showed strong fits, suggesting that chemisorption and surface diffusion may play secondary
roles [34-36]. The Freundlich and Halsey models (R? = 0.9391) indicated some degree of surface heterogeneity and
multilayer adsorption [37], while the Dubinin-Radushkevich (R? = 0.8079) and Temkin (R? = 0.7036) models suggested
that physical and chemical interactions were less dominant. However, these results proposed the adsorption mechanism
to be primarily monolayer coverage on homogeneous active sites, with additional contributions from chemisorption and
surface diffusion processes. The parameters for each models were calculated and presented in Table 1.
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Figure 2. Isotherms model plots of Fe adsorption onto OSR: a) Freundlich, b) Langmuir, ¢) Temkin, d) Dubinin-
Radushkevich, e) Elovich, f) Jovanovic, g) Halsey

The Langmuir constant (b) of 0.179 L/mg reflects a moderate to strong affinity between Fe(Ill) ions and the adsorbent
surface, suggesting favorable adsorption conditions [3,4]. This is further supported by the separation factor (Rr) of 0.018,
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which confirms that the adsorption process is highly favorable under the studied conditions. The strong fit of the Langmuir
model (R? = 0.994) suggests that the adsorption process is primarily monolayer coverage on homogeneous active sites
[8]. On the other hand, the Freundlich isotherm parameters, with a Freundlich constant (K¢) of 1.41 (mg/g).(mg/L)"" and
a heterogeneity factor (n) of 0.49 g/L, indicate that the adsorbent surface exhibits some degree of heterogeneity. The value
of n <1 suggests a chemisorption process which occurs on sites of varying energy levels, potentially involving multilayer
adsorption or interactions between adsorbed Fe(III) ions [8,14,17].

The Elovich isotherm, with a maximum adsorption capacity (Qm) of 24.27 mg/g and an Elovich constant (Kg) of 1.03
L/mg, provides a strong fit to the experimental data (R?> = 0.977). This suggests that the adsorption process may involve
chemisorption [19], where Fe(III) ions form strong chemical bonds with functional groups on the adsorbent surface. The
high Qm value (compared with Langmuir) indicates a significant adsorption capacity, further supporting the effectiveness
of the adsorbent. The Jovanovic isotherm, with a Qn of 1.09 mg/g and a Jovanovic constant (K;) of 0.827 L/mg, also
shows a good fit, indicating that surface diffusion may play a role in the adsorption process [28]. This model suggests
that Fe(I1l) ions may diffuse across the adsorbent surface before being adsorbed, contributing to the overall adsorption
mechanism [27]. Finally, the Halsey isotherm, with a Halsey exponent (nu) of 0.490 and a Halsey constant (Kg) of 1.18
L/mg, describes multilayer adsorption on a heterogeneous surface. The ng value, which is less than 1, indicates that the
adsorption process is non-ideal and may involve interactions between adsorbed Fe(Ill) ions [19].

Table 1. Isotherms adsorption model parameter values

Langmuir Cal.Qm Obs.Qm b RL R?

mg/g mg/g L/mg

9.19 37.0 0.179 0.018 0.994
Freundlich Kt n R?

(mg/g)(mg/L)"" g/L

1.41 0.490 0.9391
Temkin Br Kr R?

J/mol L/mg

23.42 1.37 0.7036
Dubinin-Radushkevich Qm ] R?

mg/g mol*/J?

31.27 7x106 0.8079
Elovich Qn Ke R?

mg/g L/mg

24.27 1.03 0.977
Jovanovic Qn Ky R?

mg/g L/mg

1.09 0.827 0.9736
Halsey nu Kn R?

L/mg
0.490 1.18 0.9391

The adsorption of iron (Fe) from aqueous solutions has been extensively studied using various adsorbents, with the
Langmuir isotherm frequently emerging as the best-fit model. For instance, Kada et al. (2024) [21] investigated the
adsorption of Fe(Il) using activated carbon derived from desert date seed shells (DDSSA and DDSSS), reporting
remarkable maximum adsorption capacities of 132.25 mg/g and 126.35 mg/g, respectively, which were significantly
higher than those of similar adsorbents. Similarly, Jude et al. (2023) [1] utilized brown coal for Fe removal, achieving a
maximum adsorption capacity of 1.41 mg/g, with the Langmuir model providing an excellent fit (R?> = 0.983). Eyyubova
(2022) [27] demonstrated that reagent-modified adsorbents could achieve an impressive Fe(Ill) adsorption capacity of
890.68 mg/g, far exceeding the capacity of the unmodified adsorbent (404.88 mg/g). In another study, Sui et al. (2016)
[3] found that thiocyanato-functionalized silica gel effectively adsorbed Fe(III) ions, with the Langmuir model providing
the best fit compared to Freundlich and Dubinin-Radushkevich (D-R) models. Sui et al. (2019) [2] also reported that
silica-supported hybrid sorbents exhibited high Fe(II) adsorption capacities, with the Langmuir model providing the best
fit (R? > 0.99). Radnia et al. (2012) [4] studied Fe(II) adsorption using chitosan and found that the Langmuir-Freundlich
model best described the isotherm data. Elsherif et al. (2018) [23] investigated Fe(III) adsorption using coffee and tea
powders, reporting Langmuir capacities of 85.5 mg/g and 285 mg/g, respectively, with the Langmuir, Freundlich, and
Temkin models providing good fits (R? > 0.95). Lastly, Elsherif et al. (2017) [24] studied Fe(IlI) adsorption using olive
leaves powder, with the Langmuir model yielding maximum capacity of 31.45 mg/g.

3.3 Adsorption Kinetic Study

The adsorption kinetics of Fe(III) onto olive mill residue were analyzed using several models and there results are
illustrated in Figs. 2a, 2b, 2c, and 2d, respectively. The corresponding parameters for each model are summarized in Table
2.
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The pseudo-second-order model exhibited the best fit fitting matching the experimental data, with the correlation
coefficient (R?) of 1.000, as shown in Fig. 2b. This excellent fit indicates that the model aligns closely with the observed
kinetics. The calculated equilibrium adsorption capacity (Q.) of 8.12 mg/g is nearly identical to the experimental value
of 8.09 mg/g, which further confirms the model’s accuracy. The rate constant (k) of 0.675 min™' suggests a fast adsorption
process, consistent with the rapid initial uptake observed in the experimental data. The pseudo-second-order model’s
strong fit implies that the adsorption process is primarily governed by chemisorption, involving strong chemical
interactions such as ion exchange or complexation between Fe(III) ions and the adsorbent surface [31,33,34].

In contrast, the pseudo-first-order model showed a poor fit, with an R? value of 0.5503, as depicted in Fig. 2a. The
calculated Q. of 2.39 mg/g significantly underestimated the experimental value of 8.09 mg/g, indicating that this model
is not suitable for describing the adsorption kinetics. The rate constant (k1) of 0.0106 min™* further supports the inadequacy
of this model, as it suggests a much slower adsorption process than observed experimentally [22,38].

The Elovich model, with an R? value of 0.8779 (Fig. 2¢), provided a moderate fit to the data. The constants o (1.97 x 10
mg/g-min) and B (3.53 g/mg) reflect the initial adsorption rate and desorption constant, respectively. The high o value
indicates a very rapid initial adsorption phase, while the B value suggests strong interactions between Fe(III) ions and the
adsorbent surface. This model’s fit supports the involvement of chemisorption and heterogeneous surface interactions in
the adsorption process [28].

Finally, the intra-particle diffusion model yielded an R? value of 0.7574 (Fig. 2d), suggesting that pore diffusion
contributes to the adsorption process but is not the sole rate-limiting step. The rate constant (Kg) of 0.139 mg/g-min'/?
and the intercept (C) of 7.21 mg/g suggest that while intra-particle diffusion contributes to the adsorption process, other
mechanisms, such as surface adsorption, also play significant roles. The non-zero intercept (C) further confirms that intra-
particle indicating that diffusion is not the sole mechanism governing the adsorption kinetics [19,28,30].
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Figure 3. Kinetic model plots of Fe adsorption onto OSR: a) pseudo-first-order, b) pseudo-second-order, ¢) intra-
particle diffusion, d) Elovich
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Table 2. Isotherms adsorption model parameter values
Pseudo-First-Order

kl Qe R2
min’! mg/g

Cal. Exp.
0.0106 2.39 8.09 0.5503
Pseudo-Second-Order
kZ Qe R2
g/mg.min'  mg/g

Cal. Exp.
0.675 8.12 8.09 1.000
Elovich
B a R?
g/mg mg/g.min
3.53 1.97x10'° 0.8779
Intra-Particle Diffusion
Ka C R?
mg/g.min'?  mg/g
0.139 7.21 0.7574

The kinetic results of this study align with previously reported findings, further confirming the predominance of the
pseudo-second-order model in describing Fe adsorption kinetics. For instance, Kada et al. (2024) [21] investigated the
adsorption of Fe(II) onto activated carbon derived from desert date seed shells (DDSSA and DDSSS). They found that
the pseudo-second-order model best described the adsorption kinetics, indicating that the process is dominated by
chemisorption. Similarly, Jude et al. (2023) [1] studied the adsorption of dissolved iron using brown coal and reported
that the pseudo-second-order model best fit the kinetic data, aligning with our findings. Elsherif et al. (2018) [23] also
confirmed that the adsorption of Fe(Ill) onto coffee and tea powders followed pseudo-second-order kinetics, with the
model fitting the experimental data very well. Additionally, Hashemian et al. (2013) [32] demonstrated that the adsorption
of Fe(III) onto Linde, the adsorption behavior of Type-A zeolite was most accurately represented by the pseudo-second-
order model, further supporting the prevalence of chemisorption in Fe adsorption processes.

3.4 Comparison with Other Adsorbents Reported in the Literature

To evaluate the performance of the adsorbent used in this study, its adsorption capacity and optimum operating conditions
were compared with various adsorbents reported in the literature for the removal of iron ions from aqueous solutions, as
summarized in Table 3. The comparison highlights variations in adsorption capacity, optimum pH, contact time, and the
isotherm/kinetic models that best describe the adsorption process across different adsorbent materials. As shown in the
table, the adsorption capacity of different adsorbents varies considerably depending on the nature of the precursor
material, surface functional groups, and preparation method, indicating that adsorbent performance is highly material-
dependent.
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Table 3. Comparison of the adsorbent used in this study with other adsorbents reported in the literature for iron ion
removal.

Optimum Adsorption Isotherm /
Adsorbent Pollutant Conditions Capacity Kinetic Model Reference
(Qm)
. H 5; dose Langmuir;
Desert date seed shell activated - DA% 25 DY >
carbon (H:POs-activated, DDSSA) Fe O.Ql g;time5 132.25 mg/g pseud(.)-2nd—.order [21]
min (chemisorption)
. H 5; dose Langmuir;
Desert date seed shell activated - Pre 2 e ’
carbon (KOH-activated, DDSSS) Fe O.Ql g;time 5 126.35 mg/g pseud(.)-2nd-.0rder [21]
min (chemisorption)
Maleic anhydride—styrene co-polymer . ;. pH 5.0; time Langmuir;
with N,N'-diphenylguanidine (S) Fe 120 min 404.88 mg/g pseudo-2nd-order [27]
Modified S with 4,4'-(ethane-1,2- pH 5.0; time Langmuir:

. . . . I +3 Vs 2
diylbis(azanylylidene))bis(pentane-2- Fe 180 min 890.68 mg/g pseudo-2nd-order [27]
one) (S+R)

Modified carrageenan beads with 3 pH 7; dose 0.4 Freundlich;
tricarboxy cellulose Fe g; time 15 min 17.5 mg/g pseudo-2nd-order [33]
. Langmuir (R* =
Natural brown coal (lignite) Dissolved Fe 1.41 mg/g 0.983); pseudo-  [1]
(groundwater) )
nd-order
pH 4-5; dose
Orange peel powder Fe™3 0.1 g; time 30 12.26 mg/g Langmuir [22]
min (Fe(11I))
3 pH 5; dose 0.1 Langmuir;
Coffee powder Fe g; time 40 min 85.5 mg/g pseudo-2nd-order [23]
1 pH 5; dose 0.1 Langmuir;
Tea powder Fe g; time 30 min 285 mg/g pseudo-2nd-order [23]

—_— . 9 pH 3-6; time Langmuir;

Silica-supported (hybrid sorbent) Fe 30 min 90.7 mg/g pseudo-2nd-order 2]
pH 5; dose Langmuir;
. . . " e ; .
Olive Mill Residue Fe i)n?nS g; time 20 37 mg/g pseudo-2nd-order This study

4. Conclusion

This study demonstrates the effectiveness of olive mill residue as a low-cost and a highly effective adsorbent for Fe(III)
removal from aqueous solutions. The adsorption process was optimized under various conditions, with the Langmuir
isotherm providing the best fit (R? = 0.994), indicating monolayer adsorption on a homogeneous surface. The maximum
adsorption capacity (Qm) of 9.19 mg/g and the favorable Langmuir constant (b = 0.179 L/mg) underscore the strong
affinity between Fe(III) ions and the adsorbent. Kinetic studies demonstrated that the adsorption process predominantly
follows pseudo-second-order kinetics, suggesting that chemisorption plays a significant role in the adsorption mechanism.
(R?=1.000), suggesting that chemisorption is the dominant mechanism. The rapid equilibrium time of 20 minutes further
highlights the efficiency of the adsorbent. The novelty of this work lies in the utilization of olive mill residue, an
agricultural waste material, as a sustainable and cost-effective adsorbent for Fe(Ill) removal. This approach not only
addresses the problem of Fe(IIl) contamination in water but also offers a practical solution for repurposing agricultural
by-products. Our findings contribute to the expanding research on low-cost adsorbents and provide a promising alternative
for treating Fe(IlI)-contaminated water in industrial and environmental applications.
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  %R =     C i -   C e   C i  x 100


   Q e  =      (C o -   C e ) x V M


   1   Q e =   1   Q m +   1   K L    Q m    C e                                         ( 3 )
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