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Abstract Pharmaceutical micropollutants, such as acetaminophen, pose increasing 

environmental concerns due to their persistence in aquatic systems. In this study, a novel bio-
based sorbent was synthesized from agricultural okra waste via redox polymerization in the 
presence of nickel ions (Ni). The resulting p(Okra)/Ni composite particles were thoroughly 
characterized through structural and morphological analyses, confirming their successful 
formation. Batch sorption experiments were performed under different pH, temperature, sorbent 
dosage, and initial acetaminophen concentration conditions. Among the synthesized materials, 
p(Okra)/Ni1 and p(Okra)/Ni3 showed the highest sorption performance, with maximum 
acetaminophen sorption capacities of 507.6 mg/g and 452.2 mg/g, respectively. The highest 
sorption capacities achieved at optimum sorbent dosage were 592.1 mg/g for p(Okra)/Ni1 and 
566.1 mg/g for p(Okra)/Ni3. Sorption was strongly influenced by pH and temperature, with 
optimum performance observed near neutral pH. Equilibrium data were best described by the 
Langmuir isotherm model (R² > 0.99), indicating monolayer sorption on homogeneous active sites. 
BET analysis revealed surface areas between 83.7 and 88.4 m²/g, while pore volume and pore 
diameter increased with increasing Ni content. Overall, the developed p(Okra)/Ni sorbents 
demonstrated high efficiency for acetaminophen removal and offer a sustainable approach for 
converting agricultural waste into value-added materials for wastewater treatment. 
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Introduction 
 
With the rise in global population and industrial development, the availability and quality of water 
resources are increasingly threatened by scarcity and pollution. Recent studies have identified 
pharmaceutical-derived micropollutants as significant contributors to environmental and aquatic 
contamination, with harmful effects on ecosystems [1-5]. Many of these micropollutants resist biological 
degradation, and conventional wastewater treatment plants are often ineffective at their complete 
removal. As a result, these pollutants may enter the environment untreated, or previously adsorbed 
compounds in treatment sludge and soils may desorb, subsequently contaminating surface and 
groundwater. Pharmaceuticals that are insufficiently treated and discharged into rivers, lakes, seas, and 
aquifers pose serious risks to both environmental and human health [6-9]. 
 
Current biological treatment methods are inadequate for removing active pharmaceutical ingredients that 
threaten both human and ecological well-being. To address this limitation, advanced treatment 
technologies must be integrated with biological methods. Techniques such as ozonation, ultrafiltration-
reverse osmosis, coagulation-flocculation, filtration, physicochemical processes, and 
adsorption/absorption (sorption) are being investigated as potentially effective complementary 
approaches [10–13]. Among these, sorption stands out due to its high efficiency, broad applicability, 
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ease of implementation, low cost, and absence of secondary pollution, making it particularly suitable for 
the removal of micropollutants [12,14]. Various materials, including natural and synthetic polymers, 
activated carbon, silica gel, graphene oxide, zeolites, and clays, have been studied as potential sorbents 
[15–16]. Notably, recent studies have highlighted the potential of biomass-derived carbon materials, 
which offer large surface areas and tunable surface functionalities for effective sorption [17]. In this 
context, sustainable, biomass-based materials are gaining increasing attention due to their 
environmental compatibility and customizable physicochemical properties [18-19]. 
 
Recently, there has been growing interest in the use of natural polymers from renewable sources in 
sorption applications. Bio-based materials are biodegradable, abundantly available, non-toxic, cost-
effective, and renewable, making them excellent candidates for super adsorbents due to their 
polysaccharide, protein, lignin, and fibrous structures. Bio-based adsorbents derived from 
polysaccharides and lignocellulosic biomass have demonstrated considerable potential in this field [20]. 
Okra, a low-cost and renewable source of biopolymers, has shown promise for removing environmental 
pollutants from aqueous media due to its biodegradability and non-toxic nature [21–22]. Beyond its 
nutritional value, okra has been investigated for use in medical, food, and industrial applications, 
including the development of polymeric sorbent particles [23]. It contains heteropolysaccharides 
composed of rhamnose, galacturonic acid, galactose, glucose, and glucuronic acid, which form a 
viscous, mucilaginous solution when extracted with water. These polysaccharides are currently being 
studied for both pharmaceutical and environmental applications [24-28]. 
 
In recent years, the widespread consumption of acetaminophen, especially during the COVID-19 
pandemic, has contributed to its global presence in aquatic environments. Recognizing the ecological 
risks posed by such pollutants, this study aims to synthesize okra/metal-based polymeric particles for 
the first time, using a redox polymerization technique in an emulsion system with okra extract obtained 
from agro-waste. Nickel ions were incorporated to introduce the metal component, and the resulting 
particles were specifically designed to remove acetaminophen from contaminated water. The structural 
and physicochemical characteristics of the synthesized particles were investigated using scanning 
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), Brunauer–Emmett–Teller 
(BET) surface area analysis, thermogravimetric analysis (TGA), dynamic light scattering (DLS), and zeta 
potential measurements. Sorption experiments were conducted under varying acetaminophen 
concentrations, pH levels, temperatures, and particle dosages to evaluate sorption efficiency. 
Additionally, sorption isotherms and thermodynamic parameters were modeled and analyzed to better 
understand the sorption mechanism. This study presents a promising and sustainable approach for the 
treatment of pharmaceutical-contaminated water, contributing to broader efforts in the development of 
green and effective sorbents [29]. 
 

Materials and Methods 
 

Materials 
The chemicals used in this study were ethanol (96%, C2H5OH, Sigma-Aldrich), ethylene glycol 
dimethacrylate (EGDMA, 99%, as a cross-linker, Sigma-Aldrich), N,N,N’,N’-tetramethylethylenediamine 
(TEMED, 99%, as an accelerator), and ammonium persulfate (APS, 98%, as an initiator, Merck). The 
Nickel (II) chloride hexahydrate chemical (100%, NiCl2.6H2O) obtained from Merck prepared the solution 
containing 1000 ppm nickel ions. Okra was procured from the waste of local suppliers. The solution pH 
was adjusted by sodium hydroxide (100%, NaOH, Merck) and hydrochloric acid (37.5%, HCl, Sigma 
Aldrich) solutions. Additionally, distilled water (DI, 18.2 MΩ.cm; Human II-UV) was used throughout the 
experiment. The pH measurements were carried out with a Thermo Scientific pH meter. During sorption 
studies, UV-Vis spectroscopy (Thermo Scientific GENESYS 10S, USA) was used to quantify the amount 
of the drug. 
 

Preparation of plant extract 
Okra plants obtained from local suppliers were utilized for the synthesis of polymeric particles. The plants 
were homogenized in deionized water at a ratio of 1 g per 100 mL. The resulting homogenate was stirred 
using a magnetic stirrer at 50°C for 48 hours. After this extraction period, the solution was transferred 
into Falcon tubes and centrifuged at 9000 rpm for 20 minutes. The solid precipitate and liquid extract 
were separated through filtration. The aqueous okra extract was then collected in Falcon tubes and 
stored under refrigeration until further use in subsequent analyses [28]. 
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Synthesis of polymeric particle based on okra/metal 
Okra/metal-based polymeric particles were synthesized using a redox polymerization technique in an 
emulsion medium. Briefly, 10 mL of ethanol and 10 mL of deionized (DI) water were added to a 40 mL 
reaction vessel and mixed with a mechanical stirrer at 900 rpm for 10 minutes at room temperature. 
Subsequently, 2 mL of okra extract (10 g/100 mL) and 1 mL of EGDMA cross-linker (5.4 × 10⁻³ mol) 
were added to the reaction mixture, and stirring was continued until a homogeneous dispersion was 

obtained. Next, 1 mL of NiCl₂·6H₂O solution containing 1000 ppm of nickel ions was introduced, and the 
mixture was stirred for an additional 10 minutes at 900 rpm. To investigate the effect of metal ion 
concentration, particles were separately synthesized using nickel ion solutions at ten different 
concentrations (ranging from 100 to 1000 ppm), with the synthesis protocol repeated for each 
concentration. Once the components were thoroughly mixed, 40 µL of TEMED (accelerator) and 100 µL 

of APS solution (1 × 10⁻³ mol, initiator) were added to initiate polymerization. The reaction was allowed 
to proceed under continuous stirring with a magnetic stirrer for five hours at 25°C. Upon completion of 
polymerization, the mixture was transferred into centrifuge tubes and centrifuged at 9000 rpm for 30 
minutes. The supernatant was discarded, and the solid particles were separated by filtration, washed 
with acetone, and dried in an oven at 40°C until a constant weight was achieved. The dried particles 
were stored in sealed containers for further analyses. The synthesis steps for the okra/Ni-based 
polymeric particles are schematically represented in Figure 1. The resulting particles were designated 
as p(Okra)/Ni, and a total of ten distinct polymeric particles were synthesized. Particles prepared with 
different concentrations of nickel ions (100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 ppm) were 
named p(Okra)/Ni1, p(Okra)/Ni2, p(Okra)/Ni3, p(Okra)/Ni4, p(Okra)/Ni5, p(Okra)/Ni6, p(Okra)/Ni7, 
p(Okra)/Ni8, p(Okra)/Ni9, and p(Okra)/Ni10, respectively [28]. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The scheme of p(Okra)/Ni particle preparation. 
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Characterization of p(Okra)/Ni-based particle  
The structural properties of the synthesized particles were examined using various analytical 
instruments.  
 

Sorption experiments 
In this study, ten different p(Okra)/Ni-based polymeric particles were synthesized via a redox 
polymerization technique, utilizing waste okra and nickel ion solutions at varying concentrations. These 
particles were systematically evaluated for their sorption performance in removing acetaminophen from 
aqueous solutions. Batch sorption experiments were conducted in triplicate to ensure data reliability. In 
the initial phase, the sorption efficiency of all ten p(Okra)/Ni particle types was screened under identical 
conditions. Key experimental parameters were held constant as follows: acetaminophen concentration 
(50 mg/L), temperature (25°C), stirring speed (900 rpm), solution pH (6.5, deionized water), contact time 
(24 hours), and particle dosage (0.2 mg/mL). Based on this preliminary assessment, p(Okra)/Ni1 and 
p(Okra)/Ni3 were identified as the most effective sorbents for acetaminophen removal. Subsequently, 
the effects of particle dosage and initial acetaminophen concentration were investigated, while all other 
parameters were kept unchanged. To assess the influence of particle dosage, the amount of sorbent 
was varied between 2.5 mg and 50 mg. For the effect of acetaminophen concentration, the particle-to-
solution ratio was fixed at 0.05 mg/mL, with acetaminophen concentrations ranging from 10 mg/L to 200 
mg/L. Following the optimization of sorbent type, dosage, and pollutant concentration, the impact of pH 
and temperature on sorption efficiency was further studied. The pH was adjusted between 3 and 9 using 
0.1 M NaOH and 0.1 M HCl, while temperature effects were examined in the range of 10°C to 50°C. 
These tests were conducted at pH 5, using a particle concentration of 0.05 mg/mL, and stirred at 900 
rpm for 24 hours. Each parameter (particle type, acetaminophen concentration, particle amount, pH, and 
temperature) was evaluated independently to determine its influence on acetaminophen sorption. The 
optimum experimental conditions were determined as follows: p(Okra)/Ni1 or p(Okra)/Ni3, 
acetaminophen concentration of 50 mg/L, particle amount of 2.5 mg, pH 5, and temperature of 30°C. 
The residual acetaminophen concentration in solution was quantified using UV-Vis spectrophotometry 
at 240 nm. Equilibrium sorption capacity (qₑ, mg/g) was calculated according to standard procedures 
reported in the literature [30]. 
 

qe =
(Co−Ce)⋅V

M
                                                                     (1) 

 
or  
 

Removal efficiency (%) =
(Co − Ct)

Co
. 100                                  (2)             

 
where Co represents the initial concentration of acetaminophen (mg/L); Ce is the equilibrium 
concentration of acetaminophen (mg/L); Ct is the concentration at a certain time t (or at equilibrium) 
(mg/L); V represents the solution volume (L); and M is the particle mass (g). 
 

Sorption isotherms, and thermodynamic parameters 
Sorption isotherms describe the relationship between the amount of solute sorbed by a sorbent material 
and the solute concentration in the liquid phase at a constant temperature. These isotherms are widely 
used to investigate sorption behavior and to design and optimize sorption processes in various 
applications, including air and water purification, gas separation, and catalysis. Commonly applied 
models to describe sorption isotherms include the Langmuir (Eq. (3)) [31], Freundlich (Eq. (4)) [32], 
Tempkin (Eq. (5)) [33], and Dubinin-Radushkevich isotherms (Eq. (6) [34]. Each model is based on 
different assumptions about the sorption system and has its own limitations. The equations for the 
isotherm models used in this study to analyze equilibrium sorption data are provided in Table 1. 
 
Sorption thermodynamic parameters quantify the thermodynamic properties of a system undergoing 
sorption. Sorption refers to the process by which a substance, such as a gas or liquid, binds to the surface 
of another substance, typically a solid. The most commonly used sorption thermodynamic parameters 
are the Gibbs free energy change (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°). These 
parameters were calculated using Equations (7), (8), and (9) [35-36]. 
 

K0 =
Ct

Ce
                                                                                                 (7) 

 

∆G0 = ∆H0 − T. ∆S0                                                                           (8) 
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lnK0 =
∆S0

R
−

∆H0

R. T
                                                                              (9) 

 
where K0 is a constant related to sorption equilibrium; Ct is the sorbed acetaminophen concentration at 
the time t (mg/L). The ΔH° and ΔS° values were achieved from the slope and intercept of Van’t Hoff plots 
of lnK0 vs. 1/T. 
 

Table 1. Sorption isotherm models for acetaminophen sorption. 

 

Model Mathematical Equation 

Langmuir (L) (Eq. 3) 
𝐶𝑒 

𝑞𝑒 
= (

𝐶𝑒

𝑞𝑚𝑎𝑥
) + (

1

𝑞𝑚𝑎𝑥. 𝐾𝐿
) 

Freundlich (F) (Eq. 4) log 𝑞𝑒 = log 𝐾𝑓 + (
1

𝑛
) log 𝐶𝑒 

Tempkin (T) (Eq. 5)  𝑞𝑒 =
𝑅. 𝑇

𝑏𝑇
ln 𝐴𝑇 + (

𝑅. 𝑇

𝑏𝑇
) ln 𝐶𝑒   

Dubinin–Radushkevich (D–R) (Eq. 6) 

𝑙𝑛𝑞𝑒 = ln 𝑞𝑠 − 𝛽. 𝜀2 

𝜀 = 𝑅. 𝑇. ln (1 +
1

𝐶𝑒
) 

𝐸 =
1

√2. 𝛽
 

 

Results and Discussion 
 

Characterization of synthesized particle 
Polymeric particles synthesized from p(Okra) and p(Okra)/Ni for potential drug sorption applications were 
characterized using various analytical techniques to determine their structural and surface properties. 
The aim of these analyses was to identify the key characteristics of the particles and to evaluate the 
effects of nickel ion incorporation into the polymer matrix. Understanding these properties is essential 
for assessing the suitability of the materials for specific applications. In this context, Scanning Electron 
Microscopy (SEM) was used to investigate surface morphology, while Thermogravimetric Analysis and 
Differential Scanning Calorimetry (TGA/DSC) were employed to assess thermal stability and degradation 
behavior. Furthermore, the Brunauer–Emmett–Teller (BET) method was used to evaluate surface area 
and pore structure, and dynamic light scattering (DLS), along with zeta potential measurements, 
provided insights into particle size and colloidal stability. Fourier Transform Infrared Spectroscopy (FT-
IR) was used to identify chemical bonds and functional groups. The data obtained from these analyses 
provided a comprehensive understanding of the structural characteristics of the particles, offering 
valuable insights for their potential use in future applications. 
 

Scanning electron microscopy (SEM) 
The morphological structures of the p(Okra) and p(Okra)/Ni-based polymeric particles were examined 
using Scanning Electron Microscopy (SEM), and representative images are presented in Figure 2. As 
shown in Figure 2a, the surface of the p(Okra) particles appears generally porous, exhibiting a 
multilayered spherical morphology with small surface crevices. Such a porous and irregular surface 
structure is favorable for drug sorption, as it offers increased surface area and more potential binding 
sites for drug molecules. However, the observed tendency of these particles to agglomerate may 
negatively impact their dispersibility and reduce the effective surface area available for sorption, 
particularly in aqueous or biological environments. In Figures 2b and 2c, the incorporation of Ni ions into 
the polymeric matrix retains the general morphological features of the p(Okra) particles while introducing 
additional surface roughness in the form of small, bubble-like protrusions. Moreover, a reduction in 
average particle size was observed. This nanoscale surface texturing and size reduction can enhance 
the interaction between drug molecules and the particle surface by increasing surface-to-volume ratio, 
thereby potentially improving sorption efficiency. Interestingly, increasing the Ni ion concentration from 
100 ppm to 1000 ppm further intensified surface roughness and appeared to yield more compact and 
less aggregated particles. Such morphological modifications provide greater structural integrity 
and a higher accessible surface area, which are essential for maximizing drug-loading efficiency 
and sustaining drug retention. However, excessive incorporation of metal ions may alter surface 
chemistry in ways that affect biocompatibility or lead to nonspecific interactions with drug molecules, 
potentially reducing sorption selectivity or increasing cytotoxicity, depending on the application. Overall, 
the SEM analysis confirmed the successful incorporation of metal ions into the polymeric structure and 
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highlighted morphological characteristics that could positively influence the drug sorption capacity of the 
particles. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The SEM images of (a) p(Okra), (b) p(Okra)/Ni1 and (c) p(Okra)/Ni10 particles.  

 

Thermogravimetric analysis (TGA/DSC) 
The thermal degradation behavior of p(Okra) and p(Okra)/Ni particles was analyzed using a TGA/DSC 
analyzer, as shown in Figure 3. Thermogravimetric analysis (TGA) provides insight into the thermal 
stability and decomposition characteristics of polymeric materials by monitoring mass loss over a 
temperature range. Both p(Okra) and p(Okra)/Ni10 particles exhibited nearly complete degradation 
(~100% mass loss) upon heating to 1000°C under an argon atmosphere, reflecting their organic 
composition and biodegradability. For the p(Okra)/Ni10 particles, five distinct degradation stages were 
observed. The initial mass loss of 2.99% between 50 and 144°C was attributed to the evaporation of 

(a) (a) 

(b) 

(c) 
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adsorbed moisture and low-molecular-weight volatiles. The second (144–233°C, 6.13%) and third (233–
295°C, 7.66%) stages likely correspond to the thermal decomposition of hemicellulose-like structures 
and polysaccharide chains. Major degradation occurred in the fourth (295–386°C, 42.74%) and fifth 
(386–447°C, 40.48%) stages, associated with the breakdown of the polymer backbone and cross-linked 
matrix. In comparison, p(Okra) particles displayed a broader degradation profile: 22% mass loss between 
50 and 250°C, 16% between 250 and 320°C, 42% between 320 and 386°C, and 20% up to 418°C. The 
earlier onset and more gradual degradation pattern of p(Okra) indicate relatively lower thermal stability. 

The incorporation of Ni ions significantly altered the thermal degradation pathway, likely due to enhanced 
cross-linking or metal–ligand interactions within the polymer matrix. This modification contributed to a 
more defined multi-step degradation pattern and improved thermal stability. These findings underscore 
the structural reinforcement provided by Ni ions, which may enhance the applicability of the synthesized 
particles under environmental conditions involving thermal or chemical stress. 

 
 

Figure 3. Thermal behavior of p(Okra), and p(Okra)/Ni10 particles.  

 

Brunauer–emmett–teller surface area meter (BET) 
The surface area and porosity characteristics of the synthesized particles were investigated using 
nitrogen adsorption–desorption isotherms via the BET method. The specific surface areas of p(Okra), 
p(Okra)/Ni1, and p(Okra)/Ni10 were found to be relatively similar, ranging from approximately 83.7 to 88.4 
m²/g, while a slight increase in pore volume and average pore diameter was observed with increasing Ni 
content (Table 2). For drug sorption applications, surface area and pore structure directly influence the 
loading capacity and diffusion kinetics of drug molecules. Although the overall BET surface area did not 
change significantly, the increased pore volume and diameter in Ni-modified particles may enhance drug 
uptake by providing more accessible internal spaces for adsorption. Mesoporous structures are 
especially beneficial for the loading of moderately sized drug molecules. However, if the pores are too 
large, premature release or reduced retention may occur. Thus, the ability to fine-tune porosity through 
Ni incorporation offers a valuable tool for optimizing drug delivery profiles tailored to specific active 
compounds. 
 

Particle size and zeta potential measurement device (Zeta-Dls) 
Zeta potential measurements provide insights into particle stability based on the electrical double layer 
formed around the particles. When particles possess a uniform charge, they repel each other, preventing 
aggregation and thus maintaining stability. Conversely, low zeta potential values indicate a tendency 
toward agglomeration. The zeta potentials of p(Okra), p(Okra)/Ni1, and p(Okra)/Ni10 particles were 
measured as -1.05 mV, -0.00113 mV, and -0.541 mV, respectively, indicating a tendency for these 
particles to cluster. The particle sizes of the synthesized p(Okra), p(Okra)/Ni1, and p(Okra)/Ni10 were 
measured as 226.6 nm, 288.8 nm, and 638.4 nm, respectively. Therefore, the sizes of the synthesized 
particles ranged from approximately 100 nanometers to 100 micrometers, categorizing them as 
microsized particles. 
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Table 2. Pore structure characterization of p(Okra) and p(Okra)/Ni particles. 

 

 

Fourier transform infrared spectrophotometer (FT-IR) 
FT-IR spectroscopy was utilized to investigate the possible chemical structures and bonding interactions 
within the synthesized p(Okra)/Ni-based polymeric particles. The spectra of particles cross-linked with 
EGDMA were recorded over the range 4000–500 cm-1 (Figure 4). According to literature on natural fiber 
FT-IR analysis, okra fibers typically exhibit a broad –OH stretching band around 3600–3100 cm-1, 
attributed to hydroxyl groups present in cellulose and hemicellulose [37]. In our samples, this –OH band 
notably diminished after polymerization, which may indicate consumption or involvement of hydroxyl 
groups in new hydrogen bonding or covalent linkages during cross-linking with EGDMA, as similarly 
reported for other biopolymer composites [38]. Characteristic peaks observed near 2972 cm-1 and 2900 
cm-1 correspond to C–H stretching vibrations of aliphatic groups,  
 

 

 

Sorbent BET Surface Area (m2/g) BJH Pore Volume (cm3/g) BJH Pore Diameter (nm) 

p(Okra) 86.89 0.27 11.16 

p(Okra)/Ni1 88.38 0.29 12.45 

p(Okra)/Ni10 83.71 0.33 14.08 
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Figure 4. FT-IR spectra of p(Okra), p(Okra)/Ni1 and p(Okra)/Ni10 particles.  

consistent with the literature on polymeric materials containing alkyl chains [39]. The absorption band at 
approximately 1724 cm-1 can be attributed to the C=O stretching vibrations of ester groups in EGDMA 
or possibly carboxylic acid groups in lignin or hemicellulose, aligning with previous studies on esterified 
natural polymers. Bands detected around 1450 cm-1 and 1145 cm-1 likely represent C–H bending 
vibrations of alkanes and C–O stretching vibrations of ester functionalities, respectively, as commonly 
observed in cross-linked polymer systems [40]. Furthermore, the appearance of new peaks at 1381 cm-

1 and 1230 cm-1 in particles cross-linked with Ni ions suggests possible coordination interactions or 
formation of new chemical bonds involving the nickel centers, similar to observations reported in metal-
polymer complexes [41-42].  

 

Acetaminophen drug sorption 
Research indicates that the body is unable to utilize over 50% of the prescribed acetaminophen dose 
during therapeutic use [43]. As a result, the unmetabolized portion is excreted via urine or feces and 
subsequently released into the environment. Over time, the accumulation of residual acetaminophen 
may pose significant environmental risks, making it a subject of growing ecological concern. In this study, 
the effect of p(Okra)/Ni particles on the removal of acetaminophen was thoroughly investigated, 
considering variables such as particle type, particle dosage, initial acetaminophen concentration, pH, 
and temperature. 

 

Effect of sorbent type 
As shown in Figure 5a, the particle exhibiting the highest acetaminophen removal capacity was 
p(Okra)/Ni1, which was synthesized using a solution containing 100 ppm of Ni ions, achieving a maximum 
acetaminophen removal of 217.7 mg/g. Other particles demonstrated comparable sorption 
characteristics, though to a slightly lesser extent. Acetaminophen is known to have a pKa value of 
approximately 9.38. Therefore, in an aqueous solution, the protonated or neutral form predominates at 
pH values below the pKa, while the deprotonated form becomes dominant above pH 9.38 [44]. According 
to zeta potential measurements, the surface charge of the particles was observed to be negative. Since 
the pH of the solution in this study was approximately 6.5, acetaminophen would predominantly exist in 
its neutral form, which may facilitate electrostatic or hydrogen bonding interactions with the negatively 
charged particle surface, thereby enhancing sorption efficiency. 

 

Effect of sorbent dosage 
The amount of sorbent used in sorption experiments plays a critical role in the removal efficiency of the 
target compound. To assess this effect, the sorbent mass was varied between 0.0025 and 0.05 g, while 
maintaining constant experimental conditions, including an initial acetaminophen concentration of 50 
mg/L, room temperature, and neutral pH. The influence of sorbent dosage on acetaminophen uptake by 
p(Okra)/Ni1 and p(Okra)/Ni3 particles was examined, and the results are presented in Figure 5b. The 
highest acetaminophen sorption capacity was obtained using 0.0025 g of sorbent. Under these 
conditions, the amount of acetaminophen adsorbed per gram of p(Okra)/Ni1 and p(Okra)/Ni3 was 
calculated as 592.1 mg/g and 566.1 mg/g, respectively. The observed decrease in sorption capacity with 
increasing sorbent dose can be explained by the "concentration gradient (or flux) splitting effect", which 
reduces the driving force for mass transfer per unit sorbent. As a result, the amount of acetaminophen 
sorbed per gram of sorbent decreases, leading to a reduction in sorption density. Additionally, 
interparticle interactions, such as aggregation at higher sorbent concentrations, may also contribute to 
this decline. Such aggregation can lead to a decrease in accessible surface area and an increase in 
diffusion path length, thereby negatively affecting the overall sorption performance [45]. 
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Effect of initial acetaminophen concentration 
Sorption tests were conducted at various initial acetaminophen concentrations (10, 25, 50, 75, 100, and 
200 mg/L) to investigate the effect of concentration on sorption performance. The sorbent-to-solution 
ratio was maintained at 0.05 mg/mL throughout the experiments. The variation in acetaminophen uptake 
per gram of p(Okra)/Ni1 and p(Okra)/Ni3 particles at different initial concentrations is illustrated in Figure 
6a. As shown in the figure, acetaminophen uptake increased with rising initial concentration, indicating 
enhanced mass transfer due to a stronger concentration gradient. However, beyond a certain 
concentration, the rate of increase in sorption began to plateau, suggesting that the available active sites 
on the sorbent surface were approaching saturation. The maximum sorption capacities were determined 
as 507.6 mg/g for p(Okra)/Ni1 and 452.2 mg/g for p(Okra)/Ni3. The primary driving force for sorption is 
the concentration gradient, which facilitates mass transfer of drug molecules from the solution to the 
sorbent surface. At low concentrations, sorption is limited due to the weaker driving force, whereas higher 
concentrations enhance the diffusion of acetaminophen toward the sorbent surface. However, once 
sorption equilibrium is reached, no significant increase in uptake occurs, regardless of further increases 
in concentration. Additionally, since the stirring speed remained constant, it was inferred that the 
observed variations in uptake were primarily governed by concentration-dependent diffusion rather than 
external mass transfer resistance. This highlights the critical role of initial drug concentration in 
influencing sorption kinetics and capacity. 
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Figure 5. (a)Effect of p(Okra)/Ni-based particle type on acetaminophen sorption and (b) Effect of 
p(Okra)/Ni-based particle amount on acetaminophen sorption. 

 

Effect of pH on acetaminophen sorption 
The influence of solution pH on acetaminophen sorption was investigated using p(Okra)/Ni1 and 
p(Okra)/Ni3 particles under constant conditions: room temperature, 50 mL solution volume, and an initial 
acetaminophen concentration of 50 mg/L. The pH of the solution was adjusted to 3, 5, 7, and 9, and the 
variation in acetaminophen uptake per gram of sorbent is shown in Figure 6b. As illustrated in the figure, 
solution pH had a significant effect on sorption capacity. The highest uptake was observed at pH 7, 
where the maximum sorption capacity reached 331.3 mg/g for p(Okra)/Ni1 and 308.9 mg/g for 
p(Okra)/Ni3 particles. Acetaminophen has a pKa value of 9.38. Therefore, in aqueous solutions, the 
neutral (protonated) form of the drug predominates when the pH is below 9.38, while the anionic 
(deprotonated) form predominates at pH values above 9.38 [44]. Since the experiments were conducted 
within the pH range of 3 to 9, acetaminophen primarily existed in its neutral form, particularly near pH 7, 
which likely facilitated favorable non-ionic interactions. Based on these findings, it is suggested that 
hydrogen bonding plays a more dominant role than electrostatic interactions in the sorption mechanism 
of acetaminophen onto p(Okra)/Ni-based particles. The observed pH dependence supports the 
hypothesis that surface functional groups of the biopolymer, particularly hydroxyl or ester moieties, 
interact with acetaminophen through hydrogen bonding, which is most effective under near-neutral pH 
conditions. 

 

Effect of temperature on sorption behavior 
The effect of temperature on the sorption of acetaminophen by p(Okra)/Ni1 and p(Okra)/Ni3 particles was 
evaluated in 50 mL of aqueous solution containing 50 mg/L acetaminophen, at two pH values (7 and 9). 
As illustrated in Figure 6c, the amount of acetaminophen adsorbed per gram of sorbent varied with 
temperature. For p(Okra)/Ni1, the maximum sorption capacity was recorded as 280.7 mg/g at 30 °C and 
pH 9, while p(Okra)/Ni3 exhibited a peak sorption capacity of 263 mg/g at 20 °C under the same pH 
conditions. These observations suggest that temperature has a notable impact on sorption behavior, 
influencing both the extent and efficiency of drug uptake. 
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To further understand the sorption mechanism, thermodynamic parameters, enthalpy change (ΔH°), 
entropy change (ΔS°), and Gibbs free energy change (ΔG°), were calculated using Equations 7–9, and 
the corresponding results are presented in Table 3. The negative values of ΔH° for both sorbents confirm 
that the acetaminophen sorption process is exothermic in nature. Furthermore, the negative ΔS° values 
indicate a decrease in system randomness at the solid–liquid interface during sorption, implying an 
increase in structural order as acetaminophen molecules associate with the polymer surface. 
Interestingly, the positive ΔG° values obtained at the tested temperature range imply that the sorption 
process is non-spontaneous under these experimental conditions. This thermodynamic profile suggests 
that while the process is energetically favorable in terms of enthalpy, the loss of entropy outweighs the 
enthalpic gain, resulting in a net thermodynamic penalty. Additionally, as temperature increases beyond 
the optimal point (e.g., >30 °C), sorption efficiency decreases, likely due to the desorption of weakly 
bound acetaminophen molecules or disruption of hydrogen bonding interactions. In summary, the  
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Figure 6. (a)Effect of acetaminophen initial concentration on acetaminophen sorption, (b) Effect of pH 
on acetaminophen sorption and (c) Effect of temperature on acetaminophen sorption. 

 
sorption of acetaminophen onto p(Okra)/Ni-based particles is exothermic and entropy-reducing, and 
exhibits temperature sensitivity, indicating that lower to moderate temperatures are more suitable for 
achieving efficient drug removal under the given pH conditions [46]. 
 

Sorption isotherms 
The sorption behavior of acetaminophen onto p(Okra)/Ni1 and p(Okra)/Ni3 particles was evaluated using 
four isotherm models: Langmuir, Freundlich, Tempkin, and Dubinin–Radushkevich (D–R). The model 
parameters obtained from linear regression analyses are summarized in Table 4. According to the 
Langmuir isotherm, the data suggest monolayer sorption on a homogeneous surface, where all sorption 
sites have equal affinity for the sorbate. This model assumes no interactions between adsorbed 
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molecules, making it suitable for describing uniform adsorption sites. The higher correlation coefficients 
(R²) obtained for both p(Okra)/Ni1 and p(Okra)/Ni3 in the Langmuir model, compared to the other models, 
indicate that this model best fits the experimental data. Consequently, it can be inferred that 
acetaminophen sorption predominantly occurs on structurally homogeneous regions of the polymer 
surfaces. The Freundlich isotherm, which is an empirical model, reflects surface heterogeneity and 
variation in adsorption site energies. The Freundlich constant (n) values for p(Okra)/Ni1 and p(Okra)/Ni3 
were found to be 12.5 and 8.8, respectively. These high n values (n > 1) imply favorable sorption 
conditions and confirm that the synthesized particles are efficient sorbents for acetaminophen. The 
Tempkin isotherm, which considers sorbent–sorbate interactions and assumes a linear decrease in the 
heat of adsorption with coverage, yielded lower R² values. Similarly, the Dubinin–Radushkevich (D–R) 
isotherm, typically applied to porous and heterogeneous materials with Gaussian energy distributions, 
also exhibited poor fitting, as indicated by its low correlation coefficients [47-49]. These findings suggest 
that neither the Tempkin nor the D–R model adequately describes the sorption mechanism for these 
systems. The maximum theoretical sorption capacities derived from the Langmuir model were 500 mg/g 
for p(Okra)/Ni1 and 454.6 mg/g for p(Okra)/Ni3, which are in good agreement with the experimentally 
determined values, further validating the model's applicability [50]. 
 
 

 

Table 3. Thermodynamic parameters for sorption of acetaminophen by particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess the comparative performance of the synthesized p(Okra)/Ni particles, their maximum sorption 
capacities were benchmarked against other acetaminophen sorbents reported in the literature (Table 5) 
[12, 28, 51-57]. The results demonstrate that p(Okra)/Ni-based materials exhibit competitive or superior 
performance, positioning them as promising candidates for pharmaceutical contaminant removal from 
aqueous media. Furthermore, the use of okra biomass, an agricultural waste product, provides an added 
benefit of waste valorization, contributing to both sustainable waste management and economic value 
creation. Nevertheless, it is important to note that variability in experimental conditions, such as pH, 
temperature, initial drug concentration, and contact time, across different studies can limit direct 
comparison of performance metrics. Despite these limitations, all sorbents present distinct advantages 
and constraints, and the applicability of each material depends on specific environmental and operational 
parameters. 

 

 

 

 

 

 

 

   

Particles pH Temperature (K) ∆G° (J/mol) ∆H° (J/mol) ∆S° (J/(mol*K) 

p(Okra)/Ni1 

 283 2858.8 

-16764.3 -69.4 

 293 3552.2 

7 303 4245.5 

 313 4938.9 

 323 5632.3 

p(Okra)/Ni1 9 

283 2949.8 

-10841.5 48.7 

293 3437.2 

303 3924.5 

313 4411.8 

323 4899.1 

p(Okra)/Ni3 7 

283 2968.5   
293 3803.6   
303 4638.6 -20663.6 -83.5 
313 5473.7   
323 6308.8   

p(Okra)/Ni3 9 

283 2862.9   
293 3444.8   
303 4026.6 -13603.4 -58.2 
313 4608.4   
323 5190.3   
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Table 4. Isotherm results for sorption of acetaminophen by particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Comparison of the sorption capacities (maximum sorption capacity or maximum Langmuir sorption capacity) of some sorbents 
in the literature for acetaminophen sorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Clarification of the mechanism of acetaminophen sorption 
A general sorption mechanism for acetaminophen onto p(Okra)/Ni particles can be proposed by taking 
into account the physicochemical characteristics of the sorbent, such as surface morphology, functional 
group diversity, and porosity, alongside the chemical structure and behavior of acetaminophen under 
different environmental conditions (Figure 7). The pH-dependent nature of acetaminophen sorption, as 
observed in experimental data, suggests that electrostatic interactions are not the dominant mechanism. 

 Particles 

Model p(Okra)/Ni1 p(Okra)/Ni3 

Langmuir Isotherm Constants 

K
L
 (L/mg) 0.25 0.16 

q
m
 (mg/g) 500 454.6 

R2 0.9979 0.9956 

Freundlich Isotherm Constants 

K
f
 333.1 254 

n 12.5 8.8 

R
2
 0.933 0.8917 

Tempkin Isotherm Constants 

bT 73.7 59.5 

AT (L/g) 16411.3 299.3 

R2 0.9257 0.9128 

Dubinin-Radushkevich Isotherm Constants 
E (kJ/mol) 1.29 0.5 

R2 0.7395 0.8801 

Sorbents Conditions 
Sorption 
(mg/g) 

References 

SAC from jatobá pH = 5, T = 303K 356.25 [12] 

p(Okra)/Fe3 

 

p(Okra)/Fe8 

pH=6.5, time = 24 h,  
T=298K, sorbent dosage = 0.05 g L− 1,  

C0 =10-200 mg L− 1 

869.4 
 

854.7 
[28] 

Banana Peel biochar (BPBC750) 
pH=3, T=283K-298K-313K, 

 C0 =0.5-100 mg L− 1 

40.83 (283K) 
49.43 (298K) 
57.26 (313K) 

[51] 

superparamagnetic activated 
carbons (SPACs) 

pH = 3-10,  
C0 =25-500 mg L− 1 

234.3 [52] 

Activated carbon from Butia 
capitata 

pH = 7, T = 298K 100.6 [53] 

Spiky green horse-chestnut shell 
pH=6, time = 10 min, 

  sorbent dosage = 0.5 g, C0 = 50 mg L− 1 
1.48 [54] 

Iron/bentonite/eggshell 
time = 150 min,  

C0 =10-100 mg L− 1 
469 [55] 

Bentonite/eggshell 
time = 50 min,  

C0 =10-100 mg L− 1 
400 [55] 

Fruit of Butiacapitate AC 
pH = neutral, time = 20 min,  

T = 298-328 K, sorbent dosage = 0.9 g/L,  
C0 = 50-300 mg L− 1 

98.19 [56] 

MCM-41-GO 
time = 200 min,  
C0 =200 mg L− 1 

322.6 [57] 

MCM-41-G 
time = 220 min,  
C0 =200 mg L− 1 

555.6 [57] 

ASM41 
time = 30 min,  

C0 =200 mg L− 1 
121.9 [57] 

p(Okra)/Ni1 

 

p(Okra)/Ni3 

pH=6.5, time = 24 h,  
T=298K, sorbent dosage = 0.05 g L− 1,  

C0 =10-200 mg L− 1 

507.6 
 

452.2 
This work 
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However, the incorporation of Ni ions into the polymer matrix may locally enhance electrostatic 
attractions through partial positive charges, thereby contributing to sorption in a secondary manner. The 
surface of p(Okra)/Ni particles contains a variety of polar functional groups (e.g., –OH, –COOH, and 
carbonyl moieties), enabling the formation of multiple interaction types with acetaminophen molecules. 
The following interactions are likely responsible for the observed sorption behavior: 
 

• π–π interactions: Acetaminophen contains a phenyl ring that can participate in π–π stacking with 
aromatic domains present in the polymer matrix. The aromatic rings in both the drug and the 
p(Okra)/Ni structure enable this interaction, particularly under acidic to neutral pH where aromatic 
stabilization is more favorable. 

• n–π electron donor–acceptor interactions: The lone electron pairs (n) on oxygen atoms in surface 
carbonyl groups of the sorbent can interact with the π orbitals* of acetaminophen’s benzene ring. 
This donor–acceptor mechanism facilitates close contact and alignment of acetaminophen on the 
sorbent surface. 

• Hydrogen bonding (H-bonding): One of the most significant interactions identified is hydrogen 
bonding, supported by previous studies on acetaminophen sorption mechanisms [58-59]. The –
OH and –NH groups of acetaminophen serve as hydrogen bond donors, while the polar groups 
on p(Okra)/Ni, such as –OH and –COOH, can act as both donors and acceptors. These bonds 
promote stable binding and contribute to the selectivity of the sorbent. 

• Pore filling: The well-developed porous structure of the p(Okra)/Ni particles provides physical 
entrapment sites for acetaminophen molecules. The molecule’s relatively small size enables it to 
diffuse into both mesoporous and microporous regions, where van der Waals forces and capillary 
effects further assist retention. This pore-filling effect becomes particularly relevant at higher 
acetaminophen concentrations, where surface interactions may be saturated. 

 
Furthermore, under acidic pH conditions, acetaminophen exhibits a resonance-stabilized nitrogen lone 
pair, which acts as a π-donor, enhancing π-based interactions with the sorbent [58–59]. This behavior 
underscores the importance of pH modulation in optimizing interaction types. Taken together, these 
findings suggest that acetaminophen sorption onto p(Okra)/Ni particles is governed by a 
multimechanistic pathway, primarily dominated by hydrogen bonding, π–π stacking, and n–π donor–
acceptor interactions, with pore diffusion and weak electrostatic attractions playing auxiliary roles. This 
multifaceted sorption mechanism accounts for the high capacity and efficiency observed in the removal 
experiments [60]. 

 

Figure 7. Mechanism of sorption for acetaminophen by p(Okra)/Ni particle (adapted from Ref. [28], with 
permission from Elsevier). 
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In this study, p(Okra)/Ni-based polymeric particles synthesized from agricultural okra waste were 
successfully developed and evaluated for the removal of acetaminophen, a common pharmaceutical 
contaminant. Comprehensive characterization using SEM, TGA, FT-IR, BET, zeta potential, and particle 
size analysis confirmed the successful incorporation of Ni ions into the polymer matrix. The BET surface 
areas of p(Okra), p(Okra)/Ni1, and p(Okra)/Ni10 were determined to be 86.89 m²/g, 88.38 m²/g, and 83.71 
m²/g, respectively. TGA analysis revealed a five-step degradation pattern in p(Okra)/Ni10, with the major 
thermal decomposition occurring between 295°C and 447°C, resulting in a total mass loss exceeding 
83%. Among the synthesized sorbents, p(Okra)/Ni1 exhibited the highest acetaminophen sorption 
capacity, reaching 592.1 mg/g at a dosage of 0.0025 g. pH-dependent sorption behavior demonstrated 
optimal uptake at pH 7, with sorption capacities of 331.3 mg/g for p(Okra)/Ni1 and 308.9 mg/g for 
p(Okra)/Ni3. Temperature-dependent studies indicated enhanced sorption up to 30°C, with maximum 
capacities of 280.7 mg/g (p(Okra)/Ni1) and 263 mg/g (p(Okra)/Ni3) observed at pH 9. Sorption isotherm 
modeling showed that the Langmuir model provided the best fit to the experimental data, with correlation 
coefficients (R²) > 0.99 for both materials. The theoretical maximum sorption capacities were consistent 
with experimental results, calculated as 500 mg/g for p(Okra)/Ni1 and 454.6 mg/g for p(Okra)/Ni3. 
Thermodynamic analysis indicated negative ΔH° values, confirming the exothermic nature of the sorption 
process, while positive ΔG° values suggested that sorption is non-spontaneous under the tested 
conditions. Compared to other sorbents reported in the literature, the p(Okra)/Ni-based particles 
demonstrated competitive sorption performance. Their surface rich in polar functional groups supported 
multiple sorption mechanisms, including π–π interactions, n–π electron donor–acceptor interactions, 
hydrogen bonding, and pore filling, all of which contributed to the high affinity for acetaminophen. The 
well-developed mesoporous structure of the particles further enhanced mass transfer and drug 
entrapment. In conclusion, the results confirm that p(Okra)/Ni particles derived from agricultural waste 
are not only highly efficient in removing acetaminophen from aqueous solutions but also represent a 
sustainable, low-cost, and environmentally friendly solution for the treatment of pharmaceutical-laden 
wastewater. Going forward, the design of biosorbents should focus on balancing sorption performance 
with economic feasibility and environmental compatibility, ensuring scalable and practical applications in 
sustainable water treatment technologies.  
Despite the promising findings of this study, several limitations should be acknowledged. The sorption 
experiments were conducted under controlled laboratory conditions using synthetic aqueous 
acetaminophen solutions, which may not fully represent the complexity of real wastewater systems. The 
effects of competing contaminants, natural organic matter, and varying water chemistries were not 
investigated. In addition, sorbent regeneration, reusability, long-term stability, and economic feasibility 
for large-scale applications were beyond the scope of the present study. Therefore, future studies should 
focus on evaluating the performance of p(Okra)/Ni sorbents in real wastewater matrices and continuous 
treatment systems to further assess their practical applicability. 
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