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Abstract
This study investigated the fabrication of a jelly-like material from recycled linear low-density polyethylene (rLLDPE) using 
gamma irradiation and thermal processing with silicone oil. rLLDPE was irradiated at 0, 50, 75, and 100 kGy before pyroly-
sis in silicone oil at 300 ℃ for 1 h to produce the jelly-like material (Ir-jLLDPE). Fourier transform infrared spectroscopy 
confirmed interactions between rLLDPE and silicone oil in Ir-jLLDPE. Scanning electron microscopy revealed a rough, 
porous surface morphology with internal fibrillar structures. Thermogravimetric analysis showed thermal decomposition 
stages related to structural changes from irradiation and silicone oil integration. Batch adsorption experiments demon-
strated the exceptional absorption capacities of Ir-jLLDPE for various organic solvents (0.1–24.7 g/g) and oils (0.6–19.8 
g/g). Kinetic studies revealed absorption followed pseudo-first order at 50 and 75 kGy doses and pseudo-second order 
at 0 and 100 kGy doses. Isotherm modeling indicated the Freundlich model better described adsorption behavior. Over 
10 adsorption cycles, Ir-jLLDPE exhibited excellent stability for pump oil at 50 and 75 kGy. This research highlights the 
promise of gamma-irradiated, thermally processed rLLDPE materials for applications in oil spill remediation, organic 
contaminant removal, and environmental sustainability. The novel approach of combining radiation and thermal pro-
cessing can upcycle problematic rLLDPE plastic waste into an absorbent jelly material with potential environmental 
remediation applications.

Article highlights

•	 This study recycles LLDPE waste into a valuable absorbent jelly.
•	 Ir-(jLLDPE) showed impressive 24.7 g/g absorption, which is great for oil spill cleanup.
•	 Ir-(jLLDPE) displayed strong stability and reusability, especially with pump oil.

Keywords  Silicone oil · Gamma irradiation · Jelly-like · Recycled linear low-density polyethylene

Supplementary Information  The online version contains supplementary material available at https://​doi.​org/​10.​1007/​s42452-​024-​05755-y.

 *  H. M. Gayed, hanygayed83@gmail.com; hany.gayed@eaea.org.eg;  *  Mohamed Mohamady Ghobashy, Moahmed_ghobashy@yahoo.
com | 1Radiation Research of Polymer Chemistry Department, National Centre for Radiation Research and Technology (NCRRT), Egyptian 
Atomic Energy Authority, Cairo, Egypt.

https://doi.org/10.1007/s42452-024-05755-y


Vol:.(1234567890)

Research	 Discover Applied Sciences           (2024) 6:110  | https://doi.org/10.1007/s42452-024-05755-y

1  Introduction

Plastic pollution in marine and freshwater ecosystems has escalated into a global crisis, posing grave threats to 
environmental health [1, 2]. Plastic debris accumulates in massive quantities along coastlines and breaks into micro-
scopic particles that pervade aquatic food chains [3]. A particularly problematic component of this plastic pollution 
comes from single-use plastics and plastic packaging, discarded after brief utility and persist for centuries without 
degradation [4]. Recycling initiatives are crucial to diverting these problematic plastics from landfills and waterways 
[5]. However, conventional mechanical recycling approaches face limitations when dealing with multilayer, mixed 
polymer, or degraded plastics [6]. Innovative recycling techniques must tackle these challenges and upcycle dis-
carded plastics into valuable materials [7]. Traditional recycling methods have been instrumental in reducing the 
environmental impact of plastics. These methods typically involve mechanical recycling, where plastics are collected, 
sorted, cleaned, melted, and reformed into new products [8, 9]. While this approach has proven effective for certain 
plastic types, it faces several limitations that hinder its ability to comprehensively address the plastic pollution crisis. 
Innovative recycling techniques have emerged as promising solutions to overcome the limitations of conventional 
recycling methods and effectively address plastic pollution [10]. These techniques leverage advanced technologies 
and processes to transform discarded plastics into valuable materials while minimizing their environmental footprint. 
Ocean spill contamination represents a critical environmental challenge with far-reaching consequences for marine 
ecosystems and human communities worldwide [11]. These devastating events occur when crude oil or petroleum 
products are released into aquatic environments, leading to immediate and long-term ecological and economic 
damage. Oil spills can result from various sources, including offshore drilling accidents, tanker shipwrecks, pipeline 
leaks, and industrial mishaps [12]. While significant strides have been made in oil spill response and recovery efforts, 
preventing such incidents and minimizing their impacts remain paramount. Offshore drilling operations for oil and 
natural gas present inherent risks of spills. These accidents can occur during drilling, well blowouts, or equipment 
failures [13]. Oil spills have immediate and long-lasting impacts on marine ecosystems [14, 15]. The oil coats the 
feathers of seabirds, impairs the insulation properties of fur-bearing mammals, and damages the gills of fish and 
shellfish. Oil can also smother coral reefs and disrupt the food chain [16]. Oil spills lead to the death of countless 
marine organisms, including birds, fish, sea turtles, and marine mammals [17]. The toxic components of oil harm these 
animals directly through ingestion or indirectly by contaminating their habitats and prey [18]. While technological 
advancements have improved response capabilities, the best approach is to prevent these incidents from occurring 
in the first place. By transitioning to cleaner energy sources, enforcing robust regulations, and fostering a culture of 
environmental responsibility, we can work towards a future where oil spills become rare and manageable occurrences 
rather than catastrophic disasters.

Radiation processing using ionizing radiation provides a promising approach to transforming plastic waste into 
functional materials [19, 20]. Ionizing radiation, such as gamma or electron beam irradiation, can induce chemical 
and physical changes in plastic polymers, altering their molecular structure and bulk properties [21]. The radiation 
technique is a useful method for crosslinked hydrogel [22–24] to be used as a template [25], semi-permeable mem-
brane [26], blend polymer [27–29] hydrogel aims to use as green renewable resources to protect the environment 
from negative effects [30, 31]. Prior studies have demonstrated that irradiation can degrade plastics through chain 
scission, introduce new functional groups, induce cross-linking, and graft copolymerization [32, 33]. These radiation-
induced effects can be harnessed to modify plastic waste into higher-value materials for various applications. Further, 
combining irradiation with thermal treatments allows for fine-tuning material properties by facilitating molecular 
mobility and chemical reactions.

Recent efforts have focused on using radiation processing of plastic waste and thermal treatments to develop 
functional materials for environmental remediation. Selective absorption and removal of toxic organic pollutants 
are critical for protecting the ecosystem and human health. Materials that effectively absorb oils or organic solvents 
have promising applications in remediating contaminated soil and water. This has motivated growing research on 
fabricating oil/organic sorbent materials from plastic waste using irradiation and thermal techniques. However, fur-
ther work is needed to optimize the fabrication protocols and fully characterize radiation-processed plastic-based 
sorbents’ absorption mechanisms and capabilities.

This study aimed to develop a jelly-like absorbent material derived from recycled linear low-density polyethylene 
(rLLDPE) plastic using gamma irradiation and thermal processing with silicone oil. The specific objectives were to: 
(1) prepare rLLDPE samples at different radiation doses from 0–100 kGy; (2) convert irradiated rLLDPE into a jelly-like 
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material via pyrolysis in silicone oil; (3) characterize the physiochemical and morphological properties of the material; 
(4) evaluate its absorption capacity for oils and organic solvents; (5) study the absorption kinetics and mechanisms; 
and (6) assess the material’s reusability over consecutive cycles. This novel approach of combining radiation and 
thermal processing can upcycle problematic rLLDPE plastic waste into an absorbent jelly material with potential 
environmental remediation applications.

2 � Materials and methods

2.1 � Materials

Silicone oil was supplied from Algomhoria Chemical Co. in Cairo, Egypt. The various oils, such as crude oil, waste oil, 
motor oil, pump oil, castor oil, and solvents, such as cyclohexanone, acetone, carbon tetrachloride, 1,2 dichloroethane, 
methanol, butanone, benzene, 1,1,2,2 tetra chloroethane, methylene chloride, diethyl ether, xylene, chloroform, and 
dimethylformamide, were collected from the market and used as received.

2.2 � Irradiation process of recycled LLDPE by gamma rays 60Co‑cell

The irradiation process of recycled LLDPE (Liner Low-Density Polyethylene) using gamma rays at a dose rate of 0.65 kGy/h 
from a 60Co-cell at the National Center for Radiation Research and Technology (NCRRT) in Cairo, Egypt, involves several 
critical steps to prepare the material before the actual irradiation process. Here are the steps of the irradiation process 
of (rLLDPE). The first step is to gather post-consumer or post-industrial plastic waste and sort it based on its polymer 
type, color, and quality. The collected recycled LLDPE is thoroughly cleaned and washed to remove impurities such as 
dirt, dust, residues, and organic contaminants. This cleaning process is essential to ensure the quality and purity of the 
material. The cleaned recycled LLDPE is shredded into smaller pieces to facilitate uniform irradiation. Mechanical methods 
like cutting, grinding, or pulverizing can be used for size reduction. Smaller pieces increase the surface area, which can 
affect the irradiation process. After washing and drying, the recycled LLDPE samples are carefully packaged. Suitable 
packaging materials, like polyethylene bags, shield the samples from external factors and ensure they remain intact dur-
ing irradiation. The setup for the irradiation process is placed in a controlled environment near the 60Co-cell radiation 
source. This controlled environment is critical to maintaining the safety and consistency of the irradiation process. The 
rLLDPE underwent irradiation at varying doses (0, 50, 75, and 100 kGy) while in a solid state at ambient temperature. 
This irradiation process aimed to induce specific changes and effects in the material, with the extent of these alterations 
dependent on the irradiation dose. The irradiation process was carried out at ambient conditions.

2.3 � Conversion of irradiated rLLDPE to jelly‑like (jLLDPE) via Silicone Oil Heating

The conversion process from rLLDPE to a jelly-like material denoted as Ir-(jLLDPE) is a multi-step procedure designed to 
modify the properties of the polymer. Following the initial irradiation process, several additional steps are involved: (i) Ini-
tially, irradiated rLLDPE samples, previously prepared through washing and drying, are carefully measured and weighed 
to obtain precisely 0.5-g portions, ensuring precision and uniformity in the subsequent steps. (ii) Subsequently, each 
of these precisely weighed 0.5-g rLLDPE samples is immersed in a 50 mL silicone oil, creating a controlled and consist-
ent environment for the transformation process. (iii) The transformation of rLLDPE into Ir-(jLLDPE) is achieved through 
exposure to a specific temperature range, typically from 150 to 300 ℃. The experimental requirements and the desired 
effects on the rLLDPE determine the exact temperature within this range. The variation in temperature and duration 
of exposure allows for the fine-tuning of the transformation process, influencing the final properties of the resulting 
jelly-like material. (iv) Following the specified heating duration, the samples can cool naturally to room temperature, 
stabilizing the newly formed Ir-(jLLDPE). Depending on the particular experimental setup or the subsequent analysis, 
additional post-treatment steps, such as further washing and drying, may be performed to refine the characteristics of 
the final material. This detailed process highlights the precision and control involved in converting rLLDPE into Ir-(jLLDPE), 
emphasizing the importance of careful measurement, controlled temperature exposure, and optional post-treatment 
steps to tailor the material’s properties for specific applications or research objectives.
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Figure 1a provides a succinct overview of the fabrication process for creating jelly-like materials known as Ir(jLLDPE). 
The process involves several key steps and parameters. The process commences with selecting a starting material known 
as rLLDPE (recycled Linear Low-Density Polyethylene). This material serves as the foundation for the fabrication process. 
The rLLDPE material is subjected to gamma irradiation at varying doses, precisely at 0 kGy (no irradiation), 50 kGy, 75 
kGy, and 100 kGy. Gamma irradiation exposes the material to gamma rays, typically from a radioactive source, to induce 
specific changes or modifications in its properties. Following gamma irradiation, the irradiated rLLDPE undergoes a crucial 
step involving pyrolysis. Pyrolysis is a process that involves heating a material in the absence of oxygen to bring about 

Fig. 1   outlines a multi-
step process that involves 
irradiation, pyrolysis, and the 
formation of Ir-jLLDPE materi-
als with unique mechanical 
properties, particularly elastic-
ity and high elongation (a), 
shows the results of crude oil 
removal experiments using 
Ir-jLLDPE (b) and proposed 
mechanism of crude oil spill 
adsorption due to the hydro-
phobic active site in Ir(jLLDPE) 
and that can be recovery 
several times after squeezing 
to reused crude oil (c)
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chemical changes. In this case, the irradiated rLLDPE is pyrolyzed in silicone oil at a controlled temperature of 300°C for 
different times. This step is central to transforming the material into the desired Ir(jLLDPE) form. The resulting Ir(jLLDPE) 
material is characterized by specific properties. Notably, it exhibits elasticity, implying the ability to deform and return to 
its original shape when subjected to mechanical stress. Ir(jLLDPE) also possesses high elongation properties, indicating 
that it can stretch significantly before breaking.

Figure 1b illustrates the outcomes of crude oil removal experiments employing Ir(jLLDPE). The experimental find-
ings highlight the material’s promising application in addressing oil spills and contaminated environments. The ability 
of Ir(jLLDPE) to absorb and remove crude oil showcases its potential for environmental sustainability and remediation 
efforts, offering a valuable solution to mitigate the impact of oil spills on ecosystems. Figure 1c presents the proposed 
mechanism for crude oil spill adsorption facilitated by the hydrophobic active sites in Ir(jLLDPE), demonstrating its capa-
bility for multiple recovery cycles. The illustration depicts the interaction between Ir(jLLDPE) and crude oil, emphasizing 
the hydrophobic nature of the material’s active sites that attract and adsorb the crude oil molecules. The hydrophobicity 
of Ir(jLLDPE) plays a crucial role in its affinity for crude oil, allowing it to selectively adsorb the hydrophobic components 
of the oil. The proposed mechanism suggests that Ir(jLLDPE) acts as a jelly-like material, efficiently absorbing and retain-
ing crude oil.

2.4 � Experimental setup for oil adsorption rate and uptake capacity assessment using Ir‑(jLLDPE)

The rate of oil permeation into the pores of Ir-(jLLDPE) was examined to assess its efficacy in sorbing total oil spills from 
water media. The sorption performance was evaluated through a standard sorption experiment, wherein the uptake 
capacities of the jelly sorbents were established after varied contact time intervals. The experimental setup consists of 
the following procedure: (i) Prepare a crude oil–water mixture by adding 10 mL of crude oil to 100 mL of water and stir-
ring for 10 min. (ii) Carefully place a constant weight of Ir-(jLLDPE) sorbent, 0.1 g, onto the oil surface. Allow the sorbent 
to float freely on the oil–water mixture. Employ contact intervals of up to 60 min to investigate sorption kinetics. (iii) 
remove the oil-containing sorbents from the mixture after every contact time interval. Let them drip for 30 s to enable 
excess oil to drain off. (iv) Weigh the sorbents after dripping to assess their uptake capacities in g/g. Utilize Eq. (1) below 
to calculate the uptake capacity with time [34]:

Q is the oil uptake capacity (g/g), Mo is the total mass of sorbents after the oil is drained, and Ms is the mass of the dry 
sorbent. The results are expressed as an average of triplicate readings.

Equilibrium Sorption Conditions: Extend the contact time to 60 min to attain uptake equilibrium. Determine the 
uptake capacities of the sorbents accordingly. This experimental setup enables investigation of the oil permeation rate 
and sorption performance of Ir-(jLLDPE). Uptake capacities obtained at diverse contact times offer insight into the sorb-
ent’s efficiency in handling crude oil spills from water media.

2.5 � Kinetic studies of oil removal using Ir‑(jLLDPE)

Oil adsorption kinetics are explored employing pseudo-first-order and second-order kinetic models. Measure the weight 
changes of the Jelly submerged in oil over multiple time intervals. Subject the Jelly to a pressing process to expel 
absorbed oil before performing another adsorption test. Repeat this procedure ten times to examine the recycling 
adsorption capability of the treated Ir-(jLLDPE). Apply non-linear regression or suitable techniques to ascertain the 
values of k1 and k2 by fitting the experimental data to the corresponding kinetic Eqs. (2) and (3) presented below [35]. 
Non-linear regression or other appropriate methods can be used to obtain the values of k1 and k2.

 where Qm is the maximum oil adsorption capacity (g/g) and Qt is the oil adsorption capacity (g/g) at time t (min).
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In recycling adsorption experiments, squeeze the oil-absorbed Ir-(jLLDPE) to release trapped oil. Use the squeezed 
Jelly once more in the adsorption trial. Perform this oil absorption, compression, and successive adsorption cycle ten 
times to gauge the recycling adsorption potential of the treated Ir-(jLLDPE).

2.6 � Isotherm model studies of oil removal using Ir‑(jLLDPE)

Implement Langmuir and Freundlich isotherm models to scrutinize further the oil adsorption behavior of Ir-(jLLDPE). 
Both models illustrate the connection between the quantity of oil absorbed by the Ir-(jLLDPE) and the oil concentration 
in the adjacent medium. Langmuir Isotherm: Assume a single layer adsorption mechanism, in which oil molecules occupy 
restricted positions on the Ir-(jLLDPE) surface [36]. The Langmuir isotherm assumes a monolayer adsorption process, 
where the oil molecules are adsorbed onto a limited number of available sites on the Ir-(jLLDPE) surface. The Langmuir 
isotherm is given by Eq. (4):

where: qe is the oil adsorption capacity of the Ir-(jLLDPE) (g/g), qm is the maximum oil adsorption capacity of the Ir-
(jLLDPE) (g/g), KL is the Langmuir constant related to the affinity between the oil and the Ir-(jLLDPE). Ce is the oil con-
centration in the surrounding media (g/mL), Linearize the Langmuir isotherm according to Eq. (5):

By plotting the experimental data of Ce
qe

 against Ce and fitting it to the Langmuir equation, the values of qm and KL can 

be determined. The qm represents the maximum oil adsorption capacity of the Ir-(jLLDPE), while KL provides insights 
into the adsorption affinity between the Ir-(jLLDPE) and oil.

The Freundlich isotherm assumes a multilayer or heterogeneous adsorption process, where the oil molecules are 
adsorbed onto various sites with different affinities on the Ir-(jLLDPE) surface. The Freundlich isotherm is given by Eq. (6):

where: Kf is the Freundlich constant related to the Ir-(jLLDPE) adsorption capacity, “n” is the Freundlich constant related 
to the adsorption intensity. The linear form of Freundlich isotherm is expressed as [37]:

By plotting the experimental data of ���qe against ���Ce and fitting it to the Freundlich equation, the values of Kf and n 
can be determined. Kf represents the adsorption capacity of the Ir-(jLLDPE), while n provides insights into the adsorption 
intensity. Both Langmuir and Freundlich isotherms yield significant information concerning the adsorption conduct and 
capacity of the Ir-(jLLDPE) toward oil. Ascertaining Langmuir and Freundlich constants help comprehend adsorption 
processes and enhances these gelatinous materials’ utilization for oil sorption [38].

3 � Results and discussion

3.1 � FTIR analysis

The FTIR spectrum of rLLDPE in Fig. 2 shows characteristic peaks at 2918 cm−1 and 2847 cm−1 attributed to asym-
metric and symmetric CH2 stretching vibrations. The 1447 cm−1 and 798 cm−1 peaks correspond to CH2 deformation 
and rocking vibrations. The FTIR peak located at 1650 cm−1 could be attributed to the C = O groups of plasticizer 
additives. The FTIR spectrum of silicone oil exhibits distinctive peaks at 2966 cm−1, indicating the presence of CH3 
asymmetric stretching vibrations, and at 1261 cm−1, signifying symmetric bending vibrations of Si-CH3 groups [39]. 
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Additionally, the spectrum reveals a peak at 1009 cm−1, indicative of Si–O-Si asymmetric stretching vibrations, denot-
ing the presence of siloxane (Si–O) bonds in the molecular structure [40].

Furthermore, the stretching vibrations of Si–C bonds are evidenced by the peak at 789 cm−1, while the rocking 
motion of CH2 groups is observed at 687 cm−1. These FTIR peaks collectively provide insights into the molecu-
lar composition of the silicone oil, highlighting the presence of methyl groups, siloxane linkages, silicone-carbon 
bonds, and methylene groups within the compound. In the FTIR spectrum of Ir-jLLDPE, several distinctive peaks were 
observed. Notably, there was a shift in the asymmetric CH2 stretching vibration from 2918 cm−1 to 2960 cm−1, which 
can be attributed to the interaction between Ir-jLLDPE and silicone oil. Additionally, the peak at 1255 cm−1 indicated 
the symmetric bending of CH3 in Si-CH3, further confirming the presence of an interaction with silicone oil. Other 
observed peaks included the C = C stretching vibration at 1641 cm−1, CH2 wagging at 1406 cm−1, C–C stretching at 
1012 cm−1, and CH2 rocking vibrations at 785 cm−1 and 697 cm−1. These peaks provide insights into the molecular 
modifications, structural changes, and interactions occurring within the Ir-jLLDPE material, particularly concerning its 
interaction with silicone oil. In addition, the shifts in CH2 vibrations and the emergence of Si-CH3 bend in Ir-jLLDPE 
versus rLLDPE confirm the interaction between the polymer and silicone oil after irradiation treatment.

Fig. 2   FTIR of silicone oil, 
rLLDPE, and Ir-(jLLDPE)
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Fig. 3   The SEM image of Ir(jLLDPE)
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3.2 � SEM analysis

Scanning electron microscopy (SEM) examined the morphology of jelly-like sample Ir(jLLDPE). As shown in Fig. 3, the 
SEM micrographs showed a relatively roughness and texture surface morphology with scratches, pores, and surface 
deformations were observed. At higher magnifications, fibrillar structures and microscopic polymer strands were 
visible on the fractured surfaces of Ir(jLLDPE). Upon closer examination at higher magnifications, SEM revealed the 
presence of fibrillar structures and microscopic polymer strands on the broken surfaces of Ir(jLLDPE). These features 
indicate that the material possesses intricate and fine-scale structural elements. The presence of fibrillar structures 
suggests complexity in the material’s internal composition, potentially contributing to its mechanical properties 
and interaction with oils.

3.3 � TGA analysis

The TGA result in Fig. 4 can provide information about jelly-like materials’ thermal and chemical stability. From the 
TGA curve of raw rLLDPE irradiated at 0 and 50 kGy, The first decomposition stage occurs between 190°C and 200°C 
in rLLDPE irradiated at 0 kGy and between 225°C and 238°C in rLLDPE irradiated at 50 kGy.In this stage, a weight loss 
of 0.5% and 1.6%, respectively, is attributed to the decomposition of terminal groups, such as C=O and OH, leading 
to the formation of gases like CO2, alcohols, aldehydes, H2O, CO, and others. The second decomposition stage takes 
place at higher temperatures, around 252°C to 278°C in sLLDPE irradiated at 0 kGy and at 360°C to 410°C in sLLDPE 
irradiated at 50 kGy. This stage contributes to a weight loss of approximately 2.09% and 7.14% in the respective sam-
ples. The decomposition in this stage is attributed to the degradation of the hard-branched segments in the polymer 
structure. The third and final decomposition stage occurs at even higher temperatures, approximately 310 to 478 ℃ 
in rLLDPE irradiated at 0 kGy and 425°C to 500°C in rLLDPE irradiated at 50 kGy. In this stage, a significant weight 
loss of 54% and 67% is observed, indicating the breakdown of C–C bonds in the network structure of the polymer.

Additionally, the weight loss below 180°C (⁓ 11% weight loss) in both samples is likely due to the evaporation of 
absorbed moisture rather than actual material decomposition. The residue observed in both samples accounts for 
approximately 20% of the weight loss. It is likely due to the presence of char residue content. As expected TGA ther-
mograms of rLLDPE irradiated at 0 kGy and 50 kGy are different than Ir(jLLDPE) and show one decomposition peak. 
Indicating changes in their thermal behavior and decomposition characteristics. Very little weight loss until around 
327 ℃ means good thermal stability up to this temperature. This is typical for LLDPE, a hydrocarbon polymer. Above 
400 ℃, the weight loss rapidly increases to 100% at 487 ℃ [41]. This is likely due to the onset of decomposition of 
the LLDPE polymer chains at higher temperatures due to the silicone attachment. An important point is that the Ir 
(jLLDPE) irradiated at 50 kGy shows significant weight loss at high temperatures, indicating higher thermal stability. 
This is likely due to cross-linking and additional functional groups introduced after gamma irradiation and pyrolysis 
in silicone oil.

Fig. 4   TGA of rLLDPE (irradi-
ated at 0 and 50 kGy) and 
Ir(jLLDPE)
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3.4 � solvents absorption capacity and Kinetic studies of Ir‑(jLLDPE)

Ir-(jLLDPE) was manufactured by boiling rLLDPE exposed to varying irradiation doses in silicone oil at a tempera-
ture of 300 ℃. The research focused on investigating how the conversion time of Ir-(jLLDPE) influenced its ability to 
absorb CCl4. The findings are illustrated in Fig. 5, highlighting the impact of conversion time over 1, 2, and 3 h. The 
Ir-(jLLDPE) prepared at 0 kGy decreased its absorption capacity with increasing time. It reached 22.2 g/g in the first 
hour, dropping by 26.8% in the second hour and reducing by 28.4% in the third hour. Similarly, at 50 kGy, the absorp-
tion capacity was 24.7 g/g after one hour, declining by 36.7% in the second hour and decreasing to 44.7% after three 
hours. At 75 kGy, the absorption capacity was 20 g/g after one hour. It experienced a slight 6% decrease after two 
hours and an 11.8% decrease after three hours. Lastly, Ir-(jLLDPE) prepared at 100 kGy absorbed 18 g/g in the first 
hour, increased slightly by 1.7% in the second hour, and decreased by 33.4% after three hours.

The investigation primarily centered on assessing the carbon tetrachloride (CCl4) absorption behavior of the pre-
pared Ir-(jLLDPE) samples exposed to varying radiation doses, specifically 0, 50, 75, and 100 kGy. Figure 6 presents a 
graphical representation of the absorption capacity’s evolution over time. Notably, the Ir-(jLLDPE) samples irradiated 
at 50, 75, and 100 kGy reached equilibrium after approximately 120 min, whereas the sample irradiated at 0 kGy 
achieved equilibrium in a significantly shorter period, only 20 min. Figure 7 illustrates the absorption kinetics with 
pseudo first-order and pseudo second-order absorption linear fitting for Ir-(jLLDPE) to further analyze the absorp-
tion kinetics. Upon examining the results in Fig. 7 and Table 1, it becomes evident that Ir-(jLLDPE) samples irradiated 
at 50 and 75 kGy adhere to pseudo-first-order kinetics, as indicated by R2 values of 0.9576 and 0.9799, respectively. 
Conversely, Ir-(jLLDPE) samples irradiated at 0 and 100 kGy follow pseudo-second-order kinetics, with R2 values of 

Fig. 5   Absorption capacity 
of carbon tetrachloride at 
different conversion times by 
Ir-(jLLDPE) at different doses 
(0, 50, 75, and 100 kGy)
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0.9991 and 0.9978, respectively. These findings shed light on the absorption kinetics of Ir-(jLLDPE) under different 
radiation doses and provide valuable insights into its behavior in CCl4 removal processes.

In our investigation of the absorbent properties of Ir-(jLLDPE), a series of experiments were conducted using various 
organic solvents. Ir-(jLLDPE) samples were immersed in the organic solvents for 2 h during these experiments. Notably, 
the solvent-saturated Ir-(jLLDPE) samples displayed buoyancy on water, with no observable water ingress into their 
structure or leakage of the solvents. Ir-(jLLDPE) exhibited notable absorption capacities across different organic solvents, 
ranging from 0.1 to 24.7 g/g, with the highest absorption capacity reaching an impressive 2477 wt% (Fig. 8). Notably, 
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Fig. 7   Absorption kinetic with pseudo first-order absorption linear fitting (a) and Pseudo second-order absorption linear fitting (b) of the Ir-
(jLLDPE) at different doses (0, 50, 75, and 100 kGy)

Table 1   provide the kinetic 
parameters of pseudo-first-
order and pseudo-second-
order

Ir-(jLLDPE) Pseudo first-order Pseudo second-order

K1 R2 K2 R2

0 kGy 0.0583 0.7352 0.0112 0.9991
50 kGy 0.0048 0.9576 0.0004 0.7099
75 kGy 0.0101 0.9799 0.0013 0.9730
100 kGy 0.0517 0.7951 0.0032 0.9978

Fig. 8   Absorption capacity 
of different solvents by Ir-
(jLLDPE) at different irradia-
tion doses (0, 50, 75, and 100 
kGy)
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these absorption capacity variations were primarily influenced by the density characteristics of the respective organic 
solvents. Ir-(jLLDPE) samples prepared at a radiation dose of 50 kGy exhibited exceptional absorption capabilities for 
nonpolar organic solvents. For example, the absorption capacity for carbon tetrachloride reached 24.7 g/g, showcasing 
their potential in efficiently removing toxic organic contaminants and addressing oil spills, especially when dealing with 
nonpolar organic solvents.

Conversely, Ir-(jLLDPE) displayed notably lower absorption capacities when exposed to polar solvents. For instance, 
their absorption capacity for methanol was only 0.12 g/g under Ir-(jLLDPE) conditions prepared at 50 kGy. These find-
ings highlight the promising applicability of Ir-(jLLDPE) materials in selectively absorbing and removing various organic 
contaminants, depending on the solvent’s polarity and density characteristics.

The findings in Fig. 9 showcase the outstanding absorption capabilities of Ir-(jLLDPE) material, spanning a range from 
0.6 to 19.8 g of solvent or oil per gram of material (g/g). These results underscore the material’s immense potential for 
applications in water remediation. The observed variations in absorption capacity are likely due to differences in the 
density of the oils tested, which can affect the material’s ability to absorb them effectively [42]. The impressive absorption 
performance of Ir-(jLLDPE) can be attributed to several key factors. Firstly, the material’s high porosity provides ample 
surface area for oil or solvent absorption [43, 44]. Secondly, its low density likely contributes to its buoyancy on water, 
making it a practical choice for oil spill cleanup scenarios [45]. A crucial aspect of practical utility is the reusability of such 
materials. Ir-(jLLDPE) demonstrates its versatility by exhibiting high absorption capacities for a variety of oils, including 
highly viscous ones like crude oil, waste oil, and pump oil, with absorption capacities of 16.1 g/g, 18.6 g/g, and 19.8 g/g, 
respectively. Even for lower viscosity oils like motor oil, it maintains a respectable absorption capacity of 6 g/g, while 
silicone and castor oil are absorbed at rates of 3.6 g/g and 4.5 g/g, respectively. The study’s investigation into the effect 
of radiation doses on absorption capabilities is noteworthy. The radiation dose of 50 kGy achieved the highest absorp-
tion capabilities. This suggests that this dose likely facilitated effective cross-linking to form the new Ir-(jLLDPE) material, 
enhancing its absorbent properties. Overall, these findings highlight Ir-(jLLDPE)’s remarkable potential as a versatile and 
reusable absorbent material for various oils and solvents, with its performance strongly influenced by factors like material 
porosity, density, and the radiation dose during its preparation.

3.5 � isotherm model studies of oil removal using Ir‑(jLLDPE)

Figure 10 displays adsorption isotherms using linear regression, allowing for the characterization of the adsorption 
behavior of Ir-(jLLDPE) material. The analysis considered two commonly used isotherm models: the Langmuir and 
Freundlich. The Langmuir isotherm exhibited a relatively low R2 (coefficient of determination) value of 0.8601 for Ir-
(jLLDPE) at 50 kGy. This suggests that the Langmuir isotherm may not provide the most accurate explanation of the 
entire adsorption process. In contrast, the Freundlich isotherm yielded a higher R2 value of 0.938, indicating a bet-
ter fit to the experimental data. This suggests that the Freundlich isotherm offers a more precise explanation of the 
adsorption behavior observed, implying that the oil absorption is associated with a monolayer. Table 2 enumerates 
various isotherm parameters, including KL (Langmuir constant), RL (dimensionless separation factor), Kf (Freundlich 
constant), and n (Freundlich exponent). The low RL values (below 1) suggest a strong interaction between the oil 
and Ir-(jLLDPE), as they indicate favorable adsorption conditions according to the Langmuir model. According to 

Fig. 9   Absorption capacity of 
different oil by Ir-(jLLDPE) at 
different radiation doses (0, 
50, 75, and 100 kGy)
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the Freundlich model, the Kf value is 1.234, meaning a substantial adsorption capacity. The value of n exceeding one 
(n = 1.00) implies that the pump oil is preferentially and favorably adsorbed onto Ir-(jLLDPE) material, as it suggests 
a favorable adsorption process. Overall, the results of the isotherm analysis indicate that the Freundlich isotherm 
model provides a better description of the adsorption behavior of Ir-( jLLDPE), particularly concerning pump oil, 
which appears to have a strong affinity for the material. This analysis contributes valuable insights into the adsorp-
tion mechanism and behavior of Ir-(jLLDPE) in the presence of various oils.

Fig. 10   Adsorption isotherms 
(a),  Freundlich (b), and Lang-
muir (c) adsorption isotherm 
models for the adsorption 
of pump oil by Ir-(jLLDPE) 
prepared at 50 kGy
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3.6 � Reusability of Ir(jLLDPE) and comparison of various polymeric oil adsorbents

Figure 11 shows Ir-(jLLDPE) stability under different irradiation doses (0, 50, 75, and 100 kGy) over 10 consecutive 
cycles for pump oil. Ir-( jLLDPE) exhibits high stability for pump oil, with minimal variations in adsorption capac-
ity observed over 10 cycles, particularly for doses of 50 and 75 kGy. This consistent performance suggests that 
Ir-( jLLDPE) can maintain its high absorption capacity in practical pump oil applications. However, the absorbent 
capacity decreases at 0 and 100 kGy, with 21.7% and 7.4%, respectively, exhibiting low stability for pump oil after 10 

Table 2   Comparisons 
between Freundlich and 
Langmuir adsorption 
isotherm constants for 
Ir-(jLLDPE) prepared at 50 kGy

Isotherm models 50 kGy

Langmuir
 qmax (g/g) 19.5
 KL 0.0427
 R2 0.8601

Freundlich
 n 1.557
 R2 0.9380
 Kf 1.2340

Fig. 11   Reusability of Ir-
(jLLDPE) at different radiation 
doses for pump oil absorption
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cycles. This suggests that the material’s stability for pump oil may be influenced by the radiation dose used during 
its preparation. In practical applications, stability is dose-dependent, with doses of 50 and 75 kGy showing better 
stability than 0 and 100 kGy. These findings are crucial for understanding the material’s suitability for specific oil 
absorption tasks and highlight the importance of considering the irradiation dose in material preparation to opti-
mize stability. Figure 12 illustrates the effectiveness of Ir-(jLLDPE) in removing oil from a contaminated solution over 
different time intervals. The UV measurement visually represents the oil concentration reduction as a time function. 
Ir-(jLLDPE) exhibits remarkable oil removal capabilities at a very low level (100 mg/dl), with a noticeable decrease in 
oil content observed at 15, 30, 45, and 60 min. This graph serves as a testament to the rapid and efficient oil removal 
properties of Ir-(jLLDPE), highlighting its potential in addressing oil spill contamination in aquatic environments. 
The efficiency, speed, and accuracy of absorbing oil from contaminated water of the Ir-(jLLDPE) prepared at 50 kGy 
can be seen in supplementary Video S1. Comparisons with prior studies regarding absorption capacity and special 
remarks are summarized in Table 3.

3.7 � Environmental impact and cost‑effectiveness of new jelly‑like materials Ir(jLLDPE)

Introducing the new jelly-like material, Ir-(jLLDPE), requires careful examination of its environmental impact. The fabri-
cation process involves energy-intensive gamma irradiation and thermal treatment. However, it is crucial to note that 
these processes contribute to the recycling of plastics that would otherwise end up in landfills or be incinerated. By 
utilizing recycled linear low-density polyethylene (rLLDPE) plastic waste, the material effectively reduces the demand 
for virgin plastic production from fossil fuels. This aspect aligns with sustainability goals by mitigating the environmental 
burden of manufacturing new plastics. The recyclability of Ir-(jLLDPE) introduces an additional layer of eco-friendliness. 
Its application in multiple oil spill remediation cycles minimizes the need for single-use alternatives, contributing to a 
more sustainable waste management approach. This reusability is a significant environmental advantage, considering 
the ongoing ecological challenges of oil spills.

Moving to the cost-effectiveness aspect, Ir-(jLLDPE) demonstrates economic viability in production and application. 
Using recycled plastic as a raw material inherently comes with lower costs, leveraging post-consumer plastic waste to 
create a valuable material. Notably, the reusability of Ir-(jLLDPE) for oil spill remediation positions it as a cost-effective 
solution. Single-use sorbents incur ongoing replacement costs, while the repeated use of Ir-(jLLDPE) translates into 
substantial long-term savings. Furthermore, the high absorption capacity of Ir-(jLLDPE) plays a pivotal role in enhancing 
cost-effectiveness. The material’s efficiency in oil spill remediation means that less material is needed per spill, optimizing 
resource utilization and contributing to a more sustainable and economically feasible solution.

4 � Conclusion

This study demonstrated a promising technique to upcycle recycled LLDPE plastic waste into a functional jelly-like 
absorbent material using gamma irradiation and thermal processing with silicone oil. Physiochemical characterization 
confirmed the interactions between irradiated LLDPE and silicone oil, resulting in a porous, fibrillar jelly structure. Batch 
adsorption experiments showcased exceptional absorption capacities up to 19.8–24.7 g/g for various oils and organic 
solvents. Kinetic studies revealed the absorption followed pseudo-first or pseudo-second-order kinetics depending on 
the irradiation dose. Isotherm modeling indicated the Freundlich model provided the best fit, suggesting multilayer 
adsorption behavior. Over 10 adsorption cycles, the material exhibited excellent stability for pump oil. These findings 
highlight the immense potential of this novel approach to upcycling problematic plastic waste into reusable materials 
for environmental remediation. The jelly-like absorbent could provide an effective, selective means for cleaning up oil 
spills and removing organic pollutants from wastewater.
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