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The release of industrial effluents and agricultural runoff containing heavy metals, like lead (Pb), poses 

serious environmental risks and significant impact on human health. This study explores the adsorption 

capacity of potassium hydroxide (KOH)-modified oat straw (KOS) as an effective, low-cost biosorbent 

for lead removal from contaminated water. The modification process increased the surface area and im-

proved the availability of functional groups, enhancing adsorption performance compared to unmodified 

oat straw. Structural analysis was conducted using Scanning Electron Microscopy (SEM) and Fourier 

Transform Infrared spectroscopy (FTIR). Batch experiments evaluated the effects of contact time, initial 

Pb²⁺ concentration, and pH on lead removal efficiency. The adsorption process followed pseudo -second-

order kinetics, with chemisorption as the main mechanism. Isotherm studies indicated that the Langmuir 

and Redlich-Peterson models offered the best fit, showing a maximum adsorption capacity of 191.41 

mg/g. These findings highlight the potential of KOH-modified oat straw as a sustainable solution for 

heavy metal removal from wastewater, effectively valorizing agricultural waste biomass.  
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1. INTRODUCTION

The release of industrial effluents and agricultural run-off into 
water bodies has resulted in significant global concerns regard-
ing water pollution. Pollutants like heavy metals, dyes, 
pesticides, and pharmaceuticals have a profound impact on the 
environment, causing risks to human health, animals, and eco-
systems (Dimitrijević et al., 2023; Jovanović et al., 2023; Simić et 
al., 2022). Due to their persistence, non-degradability, and high 
toxicity even at low concentrations, heavy metals in particular, 
such as Pb, cadmium (Cd), and mercury (Hg), represent a criti-
cal threat (Zhang et al., 2022). These metals accumulate in living 
organisms, leading to serious health risks. For this reason, find-
ing effective methods to treat wastewater before its discharge 
into the environment has become an urgent priority. 
Various conventional methods, including coagulation, floccu-
lation, membrane filtration, and chemical precipitation, have 
been employed to treat wastewater. However, these methods 
often face limitations such as high operational costs, complexity, 
and inefficiency in removing pollutants at low concentrations 

(Dimitrijević et al., 2023; Simić et al., 2022; Zhang et al., 2022). 
As a result, there is a growing interest in more sustainable and 
efficient solutions, particularly in the form of biosorbents. 
Adsorption has emerged as a highly selective, efficient, and 
cost-effective technique for removing pollutants from water 
(Gollakota et al., 2022). Over the past few decades, the applica-
tion of natural materials, particularly agricultural waste, has 
gained significant attention due to its sustainability, availability, 
and low cost (Borrega et al., 2022). Agricultural residues like oat 
straw, waste coffee pulp, corn cob, and banana pseudo-stems 
have been investigated for their potential use as biosorbents due 
to their abundance and renewable nature (Dimitrijević et al., 
2023; Fan et al., 2022). Biomass materials are particularly attrac-
tive because they contain functional groups, such as carboxyl, 
phenolic, and amine groups, which interact with pollutants 
through mechanisms such as hydrogen bonding and electro-
static interactions (Fan et al., 2022). To improve the adsorption 
capacity of biosorbents, chemical modifications are often per-
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formed. Alkali treatments, with KOH are commonly used to 
enhance the surface area and introduce additional binding sites. 
For example, Simić et al. (2022) demonstrated that KOH modi-
fication of corn silk increased its capacity to remove cadmium 
Cd (II) ions by more than twofold. 
In this context, we explore oat straw, a low-cost byproduct left 
after oat harvesting, which is available in large quantities. Oat 
(Avena sativa L.) is well known as a quality source of antioxi-
dants such as E-vitamers (α and β tocopherol, α and β 
tocotrienol), free or esterified phenolic acids (e.g. p-coumaric, 
caffeic and ferulic acids) and avenanthramides (avenan-
thramides 1, 3, and 4) (Bryngelsson et al., 2002; Ren et al., 2011). 
These phenols exhibit antioxidant, anti-inflammatory, and anti-
proliferative activity, which distinguishes this plant as very 
useful (Kim et al., 2021). Additionally, oat compounds have 
shown benefits in reducing hyperglycemia, hyperinsulinemia, 
hypercholesterolemia, and hypertension (Dong et al., 2011). De-
spite its potential, oat straw remains largely underutilized, 
making it an ideal candidate for valorization. The lignocellulo-
sic composition of oat straw includes cellulose, hemicellulose, 
and lignin, providing multiple active sites for adsorption 
(Gómez Aguilar et al., 2020). While previous studies have inves-
tigated oat husks, there is a gap in the research regarding the 
potential of oat straw itself as a biosorbent. Its composition also 
includes minerals like magnesium, calcium, and sodium, 
which enhance its ion-exchange capacity, making it particular-
ly effective for heavy metals like Pb (Hatiya et al., 2022). 
In this study, we have focused on modifying oat straw using 
potassium hydroxide (KOH), a practical and cost-effective 
treatment. Our primary objective is to evaluate the efficacy of 
KOH-modified oat straw in adsorbing Pb from contaminated 
water, given the frequent presence of lead in industrial efflu-
ents and its lethal effects on human health. The second objective 
lies in the potential to turn a widely available agricultural by-
product into an efficient biosorbent for environmental 
remediation (Kosiorek and Wyszkowski, 2019). This approach 
offers a scalable, environmentally friendly option for treating 
contaminated water while simultaneously addressing pollu-
tion and waste management challenges. 

2. MATERIALS AND METHODS  

2.1. Chemicals 

All chemicals and reagents used in this study were of analyti-
cal purity. Lead nitrate (Pb(NO3)2) was used to prepare stock 
solutions (1000 mg/L) for the adsorption tests. The stock solu-
tions were diluted with ultra-distilled water to achieve desired 
working concentrations. KOH was utilized for the chemical 
modification of the biosorbent. 

2.2. Biomass Preparation 

Oat straw waste was used as the base biomass material, col-
lected from a local field in Banat, Serbia, after the 2021 harvest. 
The biomass was thoroughly washed to remove any remain-
ing soil and surface impurities, air-dried at room temperature, 
and then ground and sieved to obtain a particle size fraction 
of 63-125 µm. The material was subsequently oven-dried at 
105 °C to a constant weight. For the chemical modification 
process, the prepared OS was treated with KOH to improve 
its adsorptive properties by modifying its surface structure, 
specifically targeting hemicellulose breakdown. The modified 
biomass (KOS) was stored in sealed containers for further use 
in the adsorption experiments. 

2.3. Biomass Modification 

The modification of the OS biosorbent was carried out by 
treating 2 g of the raw material with 50 mL of 0.1 mM potassi-

um hydroxide (KOH) solution(Petrović et al., 2016). The mix-
ture was stirred on a magnetic stirrer for 4 hours to ensure 
thorough interaction between the KOH and the biomass. After 
the reaction, the modified biomass was filtered through filter 
paper, and the residue was rinsed with distilled water until 
the filtrate reached a neutral pH of 7, effectively removing any 
excess KOH remaining on the material surface. The neutral-
ized biomass was then dried and stored for further adsorption 
experiments and characterization. 

2.4. Biomass Characterization 

To evaluate the structural changes resulting from the modifi-
cation process, a detailed characterization of both OS and KOS 
samples was conducted. Surface analysis was performed us-
ing Fourier Transform Infrared (FTIR) spectroscopy on a 
Thermo Scientific Nicolet iS50 FT-IR spectrometer. The sam-
ples were prepared by mixing 0.8 mg of either OS or KOS with 
80 mg of KBr, and the spectra were recorded within the range 
of 4000 to 400 cm⁻¹. 
The structural properties of the biosorbents were examined 
using Scanning Electron Microscopy (SEM) on a MIRA 
TESCAN microscope, operating at 20 keV. Before imaging, all 
samples were coated with a thin layer of gold, and mounted on 
adhesive carbon discs to ensure conductivity during analysis. 

2.5. Adsorption Studies 

To understand the impact of the modification process on the 
efficiency of the adsorbent, a preliminary adsorption test was 
conducted using both materials. For the test, 0.1 g/L of each 
biosorbent was added to a 1 mM Pb solution. The contact time 
was 24 hours, after which the concentration of remaining lead 
ions in the filtrates was measured by Atomic Absorption Spec-
trophotometry (AAS) at Perkin Elmer 900T.  
Further adsorption studies were conducted using KOS as the 
adsorbent to optimize adsorption conditions and investigate 
the Pb2+ removal mechanism. Several key operational parame-
ters were varied, including the initial pH of the solution (2-5), 
contact time (15-1440 min), and initial concentration of lead 
ions (40-400 mg/L). Adsorption experiments were carried out 
using a sorbent dose of 1 g/L and a lead solution at pH 5.  
The batch adsorption experiments were performed in 100 mL 
Erlenmeyer flasks and placed on an orbital shaker at 220 rpm 
and room temperature. After the specified contact time, the 
remaining concentration of lead ions in the solution was 
measured using AAS.  
The amount of lead adsorbed onto the biosorbent was calcu-
lated using the following equation: 
 

𝑞𝑒 =
(𝐶𝑖−𝐶𝑒)⋅V

𝑚
            (1) 

 
 where: qe is the amount of lead adsorbed (mg/g), Ci 
and Ce are the initial and equilibrium concentrations of lead 
(mg/L), V is the volume of the solution (L), m is the mass of 
the adsorbent (g). 
Adsorption kinetics and isotherm models were evaluated us-
ing both linear and non-linear fitting methods with Origin 
software. Additionally, to investigate the potential ion-exchange 
mechanism during lead adsorption, the concentrations of re-
leased cations (such as Ca²⁺, Mg²⁺, K⁺, Na⁺) were monitored 
after adsorption by AAS. 

3. RESULTS 

3.1. Material Characterization 

3.1.1. SEM 

SEM was employed to closely examine the morphological 
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changes in OS and KOS. The SEM micrograph of native OS 
(Figure 1a) reveals a smooth, continuous surface characteristic 
of untreated lignocellulosic biomass (Dimitrijević et al., 2023). 
Notably, well-defined channels and occasional cracks are ob-
served across the surface, which is typical for plant-based 
structures (Simić et al., 2022). These features suggest that the na-
tive OS has limited surface area and adsorption capacity due to 
its relatively unaltered and compact structure. Following modi-
fication with KOH, significant morphological transformations 
are evident, as shown in the SEM image of KOS (Figure 1b). 

 
Fig. 1: SEM micrographs of OS (a) and KOS (b) 

The previously smooth surface becomes highly disordered, 
with numerous cracks, channels, and rough textures (Lai et al., 
2023). This pronounced surface disruption is indicative of the 
chemical action of KOH, which likely leads to partial degrada-
tion of cellulose and hemicellulose components within the 
lignocellulosic matrix. Such degradation results in the for-
mation of new surface pores and an overall increase in surface 
roughness, thereby creating a more porous structure 
(Gollakota et al., 2022). 
The increase in surface heterogeneity and the formation of 
additional microchannels in KOS are crucial for enhancing the 
adsorption properties of the material. The new cracks and pores 
provide improved pathways for ion diffusion, facilitating great-
er interaction between the material’s active sites and metal ions 
in solution. This observation aligns with previous research, 
which has demonstrated that chemical modifications, such as 
alkaline treatments, significantly improve the adsorption per-
formance of biomass by increasing the number of accessible 
binding sites (Dimitrijević et al., 2023; Gollakota et al., 2022).  

3.1.1. FTIR Analysis 

To investigate the chemical structure changes in native OS 
caused by KOH modification, FTIR analysis was conducted, 
and the spectra before and after modification are shown in 
Figure 2. The FTIR spectrum of OS exhibits characteristic peaks 
for lignocellulosic biomass. The broad peak around 3300 cm⁻¹ is 
attributed to O-H stretching vibrations from hydroxyl groups as 
expected for cellulose and hemicellulose (Babicka et al., 2022; 
Lawal et al., 2017).  After modification with KOH, this peak di-
minishes, indicating a reduction in free hydroxyl groups due to 
their participation in chemical reactions. 

 

Fig. 2: FTIR spectra of OS and KOS 

The peak around 2918 cm⁻¹, associated with C-H stretching 
vibrations from cellulose and hemicellulose, also decrease after 
modification, suggesting partial degradation of hemicellulose. 
This is further supported by changes in the region between 1000 
and 1100 cm⁻¹, where C-O-C stretching vibrations occur 
(Dehkhoda et al., 2022; Kubovský et al., 2020). The shift and 
weakening of these peaks in the KOS spectrum confirm struc-
tural alterations in the ether bonds of cellulose and hemicellulose, 
likely enhancing the material’s adsorption capacity. 
Additionally, the peaks around 1600–1650 cm⁻¹, corresponding 
to C=O stretching in lignin and cellulose, are less pronounced in 
the KOS spectrum, suggesting modifications in the carbonyl 
groups. In the region between 500 and 800 cm⁻¹, the increase 
in intensity points to the possible incorporation of new func-
tional groups or minerals after KOH treatment, which could 
play a role in enhancing ion exchange properties (Lawal et al., 
2017; Ying et al., 2017). 
In summary, the FTIR analysis confirms significant structural 
changes in OS after modification with KOH. These changes, 
including the reduction of hydroxyl groups and degradation 
of hemicellulose, contribute to the improved adsorptive prop-
erties of KOS (Simić et al., 2022). 
In addition, FTIR analysis was performed to identify the struc-
tural changes in KOS before and after Pb adsorption. The 
broad peak around 3300 cm⁻¹, corresponding to O-H stretch-
ing, shows a decrease in intensity after Pb2+ adsorption (KOS-
Pb), indicating the interaction between lead ions and hydroxyl 
groups on the biosorbent surface. The C-H stretching vibra-
tions at 2918 cm⁻¹, associated with cellulose and hemicellulose, 
also decrease in intensity, suggesting that these components 
may be affected by lead binding. The C=O stretching vibra-
tions around 1600–1650 cm⁻¹, which represent carbonyl 
groups of lignin and cellulose, show reduced intensity after 
adsorption, implying their involvement in the adsorption pro-
cess (Lawal et al., 2017; Ying et al., 2017). In the C-O- C 
stretching region (1000–1100 cm⁻¹), slight shifts and a reduc-
tion in peak intensity suggest structural changes in the cellulose 
and hemicellulose ether linkages. Furthermore, the increased in-
tensity in the 500–800 cm⁻¹ region after Pb2+ adsorption points to 
the possible formation of new bonds or interactions with lead 
ions (Petrović et al., 2023). 

 
Fig. 3: FTIR spectra of KOS before and after Pb2+ adsorption 

Overall, the FTIR spectra reveal that lead adsorption on KOS 
involves interactions with hydroxyl, carbonyl, and ether 
groups, confirming the role of both chemisorption and ion ex-
change in the adsorption mechanism (Petrović et al., 2016; 
Simić et al., 2022). 

3.2. Batch adsorption tests 

3.2.1. Preliminary Adsorption Test 

The preliminary adsorption test was performed to evaluate 
the effectiveness of OS and KOS in removing Pb from aqueous 
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solutions. The biosorbent OS, showed an adsorption capacity 
of 38 mg/g, while the KOS, showed a significantly higher ca-
pacity of 89 mg/g. This clear increase in performance highlights 
the effectiveness of the KOH modification, which enhances the 
biosorbent's surface properties and provides more active sites 
for lead binding. Due to this substantial improvement, all sub-
sequent adsorption studies were carried out using the modified 
KOS biosorbent to ensure optimal results. 

3.2.2. Influence of Contact Time and Kinetic Studies 

The impact of contact time on the adsorption of Pb ions by the 
KOS was investigated to establish the equilibrium time for 
sorption. The decrease in Pb ion concentration was observed 
over a time period ranging from 15 to 1440 minutes. As shown 
in Figure 4, the adsorption process began rapidly, with ap-
proximately 50% of lead ions being removed within the first 
60 minutes. This fast initial uptake can be attributed to the 
abundance of accessible active sites on the KOS surface, where 
lead ions quickly interacted with these sites (Dimitrijević et al., 
2023; Petrović et al., 2016). 

 

Fig. 4: Effect of contact time on Pb adsorption on KOS 

After this initial period, the rate of adsorption slowed down, 
and the adsorption capacity gradually increased until equilib-
rium was reached. The equilibrium capacity for Pb2+ adsorption 
was found to be 93.45 mg/g, with equilibrium being achieved 
after approximately 240 minutes. This behavior suggests that 
after the rapid adsorption phase, the remaining unoccupied 
sites required more time for diffusion and interaction with the 
lead ions, likely due to intraparticle diffusion limitations 
(Petrović et al., 2016).  

3.2.3. Adsorption Kinetic Study 

Kinetic studies provide valuable information on the adsorp-
tion mechanisms, the rate of sorption, and potential rate-
limiting steps. To interpret the kinetics of Pb2+ adsorption on 
KOS, three models were applied: the pseudo-first-order model 
(Lagergren, 1898), the pseudo-second-order model (Ho and 
McKay, 1999), and the Weber-Morris intraparticle diffusion 
model (Weber and Morris, 1963). These models help elucidate 
whether the process is controlled by physical adsorption, chem-
ical adsorption (chemisorption), or diffusion mechanisms. 
The pseudo-first-order model, based on the assumption that 
the rate of adsorption is proportional to the number of availa-
ble adsorption sites, is described by the equation: 
 
1

𝑞𝑡
= (

𝑘1

𝑞𝑒𝑞
)(

1

𝑡
) + (

1

𝑞𝑒𝑞
)                                           (2) 

 
 where: qeq is the equilibrium adsorption capacity 
(mg/g), qt is the amount of adsorbate adsorbed at time t 

(mg/g), and k1 is the pseudo-first-order rate constant (1/min). 
In this study, the pseudo-first-order model provided a poor fit 
to the experimental data, with a low correlation coefficient, 
indicating that the adsorption of lead onto the biosorbent is 
not primarily controlled by physical adsorption (Table 1). This 
suggests that the interaction between the lead ions and the bi-
osorbent surface involves more complex mechanisms, such as 
chemical bonding, which is better captured by other models. 
The pseudo-second-order kinetic model assumes that chemi-
sorption is the rate-limiting step in the adsorption process. 
This model is represented by the equation: 
 
𝑡

𝑞𝑡
= (

1

𝑘2𝑞𝑒𝑞
2 ) + (

1

𝑞𝑒𝑞
) 𝑡                         (3) 

 
 where: qeq is the amount of lead adsorbed at equilibri-
um (mg/g), qt is the amount of lead adsorbed at time t (mg/g), 
and k2 is the pseudo-second-order rate constant (g/mg min). 
In this case, the pseudo-second-order model provided an excel-
lent fit to the experimental data, with a correlation coefficient R2 
= 0.9999 (Table 1). The calculated equilibrium adsorption capaci-
ty qeq = 93.45 mg/g closely matched the experimental value, 
confirming the validity of the model. The rate constant k2= 
0.0071 g/mg min indicates that chemisorption is the primary 
controlling step, involving the ion exchange or sharing of elec-
trons between Pb ions and the active functional groups on the 
KOS surface, which is the dominant mechanism. 
The Weber-Morris intraparticle diffusion model was applied 
to evaluate whether diffusion into the pores of the biosorbent 
particles was a limiting factor in the adsorption process. The 
Weber-Morris model is represented by the equation: 
 

𝑞𝑡 = 𝐾𝑖𝑑𝑡
0.5 + 𝐶          (4) 

 

 where: Kid is the intraparticle diffusion rate constant 
mg/g·min1/2, and C is the intercept, which indicates the 
boundary layer thickness. 

 

 
Fig.5: Kinetic models of Pb adsorption on KOS 
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The plot of qt versus t1/2 (Figure 5) revealed two distinct linear 
regions, indicating a multi-stage adsorption process. During 
the initial phase, the adsorption was dominated by surface in-
teractions, as indicated by the first linear segment with a kid 
value of 3.5512 mg/g·min1/2 and an intercept C1 = 27.9739 mg/g. 
In the later stages, the adsorption slowed down, with a lower 
kid2 = 0.14901 mg/g·min1/2 suggesting that intraparticle diffu-
sion became a more significant factor. 
The results from the Weber-Morris model suggest that while 
external surface adsorption controls the initial rate of lead re-
moval, intraparticle diffusion plays a role in the later stages of 
the process (Simić et al., 2022). However, the non-zero inter-
cepts indicate that intraparticle diffusion is not the sole rate-
limiting step. This finding supports the conclusion that the ad-
sorption process is primarily controlled by chemisorption, 
with diffusion processes contributing to the overall mecha-
nism (Dimitrijević et al., 2023). 

Table 1: Kinetic parameters of Pb adsorption on KOS 

Adsorbent KOS KOS-Pb 

qeq, exp [mg/g] 92.45±0.71 

Pseudo-First-Order Model 

qeq,cal [mg/g] 87.49±0.84 

k1 [1/min] 8.95±0.25 

R2 0.9503 ±0.086 

Pseudo-Second-Order Model 

qeq,cal [mg/g] 93.45±0.38 

к2 [g/mg min-1] 0.0071±0.0017 

R2 0.9999±0.0001 

Weber-Morris diffusion Model 

Kid1 [mg/g min-1/2] 3.5512 ±0.032 

C1 [mg/g] 27.9739 ±0.014 

R2 0.9173 ±0.022 

Kid2 [mg/g min-1/2] 0.14901 ±0.0124 

C2 [mg/g] 86.8698 ±1.251 

R2 0.8527 ±0.0671 

 

3.3. Adsorption of Lead on a Modified Biosorbent: Isotherm 

The adsorption behavior of Pb onto a KOS was analyzed using 
multiple isotherm models to elucidate the underlying adsorp-
tion mechanisms. These models, including Langmuir 
(Langmuir, 1918), Freundlich (Freundlich, 1907), Sips (Sips, 
1948), and Redlich-Peterson (Peterson and Redlich, 1962), each 
offered insights into different aspects of the adsorption. They 
provided Figure 6. perspectives on whether adsorption fol-
lowed a monolayer or multilayer formation, the surface 
homogeneity of the biosorbent, and the possible coexistence of 
physical and chemical adsorption. 
Langmuir isotherm is based on the assumption that adsorp-
tion occurs uniformly on a monolayer across a homogeneous 
surface, where all active sites have the same energy and each 
site can adsorb only one ion. This isotherm model is expressed 
as follows: 
 

𝑞𝑒 = 𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒/(1 + 𝐾𝐿𝐶𝑒)         (5) 

 
 Where: qe is the equilibrium adsorption capacity 
(mg/g), qmax is the maximum adsorption capacity (mg/g), KL is 
the Langmuir constant (L/mg), and Ce is the equilibrium con-
centration of lead ions (mg/L). 
In this study, the maximum adsorption capacity qmax was de-
termined to be 191.41 mg/g, with a Langmuir constant KL = 
0.0072 L/mg (Table 2). This relatively high qmax value indicates 
that the KOS has a substantial capacity to remove Pb, reflect-
ing a favorable interaction between Pb ions and the surface 
functional groups. Additionally, the high R2 value of 0.9647 

suggests that the Langmuir model fits the experimental data 
well, supporting the idea of monolayer adsorption (Table 2) 
which is characteristic of chemisorption. The favorability of 
this adsorption process is further confirmed by the dimension-
less separation factor RL = 0.970 (Table 2), indicating that 
adsorption is most favorable at lower Pb concentrations. 

Table 2: Isotherm parameters for Pb2+ adsorption on KOS 

Models Parameters KOS-Pb 

Langmuir  qm (mg/g) 191.41±2.15 

 KL (L/mg) 0.0072±0.0016 

 R2 0.9647±0.0021 

 RL 0.970±0.014 

 χ2 44.34 ±0.08 

Freundlich  KF (mg/g)(L/mg)1/n 5.63±1.18 

 1/n 1.78±0.24 

 R2 0.9442±0.0127 

 χ2 96.76±1.59 

Sips  qm (mg/g) 178.21±1.98 

 KS (L/mg) 0.0644±0.0125 

 ns 0.99±0.14 

 R2 0.9016±0.14 

 χ2 227.46±0.23 

Redlich-Peterson KRP (L/g) 1.158±0.305 

 aRP (L/mg) 8.53±0.21 

 β 1.33±0.67 

 R2 0.9777±0.0313 

 χ2 51.82±0.45 

 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
           (6) 

 

Freundlich isotherm describes adsorption on a heterogeneous 
surface, where different sites exhibit varying affinities for the 
adsorbate. It is represented by the following equation: 
 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

           (7) 
 

 Where: KF is the Freundlich constant, 1/n indicates 
the intensity of adsorption, with 1/n < 1 suggesting favorable 
adsorption. 
In this study, the Freundlich constant KF was 5.63, and the pa-
rameter 1/n = 1.78, indicating that the adsorption process was 
moderately favorable and occurred on a heterogeneous sur-
face (Table 2). The R2 = 0.9442 value was slightly lower than for 
the Langmuir model, suggesting that although the surface is 
somewhat heterogeneous, the assumption of monolayer ad-
sorption remains more appropriate.  
The Sips isotherm is a hybrid model that combines features of 
both the Langmuir and Freundlich isotherms. It predicts 
Freundlich behavior at lower concentrations and Langmuir 
behavior at higher concentrations. The Sips equation is: 
 

qe=qmax(KSCe)1/ns/(1+(KSCe)1/nS)          (8) 
 

 where: qmax is the maximum adsorption capacity, KS 

is the Sips constant, and nS is the heterogeneity factor. 
The Redlich-Peterson isotherm is an empirical model that 
combines elements of both the Langmuir and Freundlich 
models, making it suitable for systems involving both mono-
layer and multilayer adsorption. The equation is: 
 

qe=KRPCe/(1+aRPCge)          (9) 
 

 where: KRD and aRP represent Redlich–Peterson con-
stants (L/g), and ((mg/L)−g), respectively, and g is an empirical 
Redlich–Peterson parameter (g ≤ 1) 
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Fig.6: Adsorption isotherms of Pb removal on KOS 

The Redlich-Peterson model provided the best fit to the exper-
imental data, with an R2 = 0.9777 (Table 2). The parameters 
were KRP= 1.158 L/g, aRP = 8.53 L/mg, and g = 1.33, suggesting 
that chemisorption plays a significant role in the adsorption 
process, though physical adsorption may also contribute at 
higher concentrations. This is in accordance with the Kinetic 
study.  
The strong performance of the Redlich-Peterson model, as in-
dicated by its high R2 value, suggests that this model effectively 
captures the complexity of the adsorption process. The g pa-
rameter points to a combination of chemisorption and physical 
adsorption, with chemisorption being the dominant mecha-
nism. 

As can be concluded from results, the KOS demonstrates 
better adsorption properties for Pb removal compared to simi-
lar materials available in literature (Table 3). 

Table 3. Adsorption capacity of different sorbents towards Pb(II) ions 

Adsorbent 
qm 

(mg/g) 
Reference 

 Pb(II)  

Phoenix dactylifera 5.15 (Yazid and Maachi, 2008) 

Black cumin seeds bio-

char 
17.70 (Birgili et al., 2024) 

Carbons derived of 

chestnut kernel 
27.53 (Momčilović, 2012) 

Carbon derived of Black 

pine cones 
25.51 (Momčilović, 2012) 

Simplicillium chinense 

QD10 
57.80 (Torres, 2020) 

Pseudomonas sp. 60.00 (Kaleem et al., 2023) 

Rice husk biochar 72.00 (Birgili et al., 2024) 

Nostoc sp. MK-11 83.96 (Kaleem et al., 2023) 

Olive cake biochar 102.00 (Birgili et al., 2024) 

Sargassum sp. 112.00 (Putri et al., 2021) 

Lemna minor 142.86 (Kaya et al., 2024) 

Allium scorodoprasum L. 190.41 (Şenol and Arslanoğlu, 2024) 

KOS 191.41 This study 

OS 38.00 This study 

3.4. Ion-exchange mechanism 

The ion exchange mechanism plays a crucial role in the ad-
sorption of heavy metal ions from aqueous solutions. In this 
study, the removal of Pb ions was investigated in relation to the 
release of cations (Ca²⁺, Na⁺, K⁺, and Mg²⁺) from the biosorbent 
surface during the adsorption process. The results, indicate 
that with increasing Pb concentration, there is a corresponding 
release of Ca²⁺, Na⁺, K⁺, and Mg²⁺ ions from the biosorbent, 
confirming that ion exchange is one of the mechanisms in-

volved in the adsorption process (Figure 7). The higher release 
of Ca²⁺, followed by K⁺ and Mg²⁺, indicates that calcium and 
potassium play a more significant role in the ion-exchange pro-
cess, while sodium shows relatively minor participation. The 
exchange of these cations for Pb ions supports the formation of 
ionic bonds between the biosorbent surface and the lead ions 
(Petrović et al., 2016; Simić et al., 2022). The results also suggest 
that the quantity of released cations is lower than the total 
amount of adsorbed Pb²⁺ ions, indicating that additional mecha-
nisms, such as surface complexation or chemisorption, may also 
contribute to the overall removal process. 

 

Fig.7: Ion exchange of M+/2+ during the Pb adsorption on KOS 

4. CONCLUSION 

This study successfully demonstrated that the modification of 
OS with KOH significantly enhances its adsorption capacity 
for Pb2+ from contaminated water. The chemical modification 
increased the surface area and exposed functional groups that 
improved the interaction with pollutants, leading to a sub-
stantial increase in adsorption efficiency. The pseudo-second-
order kinetic model confirmed that chemisorption was the 
primary mechanism involved. Langmuir isotherm model re-
vealed a maximum adsorption capacity of 191.41 mg/g. 
The results indicate that KOS is a highly effective biosorbent 
for Pb removal, offering a solution to both water pollution and 
agricultural waste management. Its application can be further 
expanded to other environmental contaminants, providing a 
scalable, eco-friendly option for wastewater treatment. 
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