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One of the most challenging problems related to modern industrial 
development is marine oil spills. Oil spills have significant detrimental 
effects on the marine environment and human life. The effects can be 
immediate through fish suffocation and erosion of their fins, deadly 
hypothermia in fur-bearing mammals, and ingestion when animals and 
birds try to clean up themselves. Oil spills also have long-term ecological 
effects, which lead to an interruption of the marine food chain. When oil 
reaches the coast, it interacts with beach sand and vegetation, causing 
damage to the human environment. These negative effects are 
exacerbated by changes in oil's physical and chemical properties after 
spilling. Many techniques have been invented to eliminate oil spills. 
However, almost all developed techniques cannot completely remove oil 
from the seawater. One of the most efficient oil cleanup techniques uses 
absorbing materials. Of particular interest are techniques that use 
natural organic (vegetative) materials. These materials possess many 
desirable characteristics: they are cheap, readily available, renewable, 
and biodegradable. However, to be competitive with the synthetic 
absorbers, the natural absorbers often require additional processing. A 
typical modification procedure includes carbonization, which increases 
surface hydrophobicity and improves oil-absorbing characteristics. 
Rational optimization of oil-absorbing properties requires quantitative 
characterization of the physic-chemical properties of absorbing 
materials during processing. However, current literature lacks such 
description-making material’s modification as a trial-and-error 
procedure. In this document, I propose to develop an optimized 
modification procedure for a new absorbing material based on the 
carbonization of a widely available kenaf plant (Hibiscus Cannabinus). 
Quantitative optimization of the absorbing characteristics of kenaf fibers 
will be based on monitoring their physical and chemical changes during 
the carbonization process by using gas sorption analysers and IR-
reflection spectroscopic techniques. A quantitative understanding of 
relevant parameters (for example, the relative abundance of surface 
polar and non-polar groups) will facilitate reproducibly optimal 
manufacturing. 
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Introduction and Related Work:  

  The dramatic growth of exploration, refining, and oil production is responsible for 

increased marine oil spills [1,2], which has become one of the most challenging chemical 

contamination problems and a serious global concern. Marine and wildlife become threatened 

by the immediate and long-term ecological effects of oil spills [3-5]. Furthermore, oil spills 

usually undergo various physical and chemical changes, such as spreading, photolysis, 

sedimentation, dissolution, and the formation of water-oil emulsions that can multiply the oil 

spill risks [6,7]. The effects of oil spills and the degree of danger that they present depend on 

the properties of the oil as well as on environmental parameters such as weather, sea state, 

and oil spill location [8,9]. For example, the spreading of oil spills over the sea depends on the 

viscosity and specific gravity of the oil, as well as the oil-water surface tension [10]. The lower 

the surface tension, the faster the spreading of oil over the sea, disregarding environmental 

factors such as wave height, current velocity, and wind speed. Further, the spreading of oil is 

accelerated in warmer water because of decreased surface tension and oil viscosity [11]. On 

the other hand, the high viscosity of an oil spill has another undesirable effect: it facilitates the 

formation of an oil-in-water emulsion (called “chocolate mousse”) that has a grease-like 

consistency and is difficult to treat [12,13].  

 

 

Fig. 1 Methods of Oil Spill Clean-up [65]. 
 

   Additionally, the risk of the lighter components of oil that evaporate, especially in warm 

weather, cannot be disregarded. Evaporation increases the specific gravity of oil so that it may 

sink as tar balls and contaminate the seabed (sedimentation). The difficulties in solving the oil 

spill problem refer to the complex nature of oil; its components do not behave the same [14-

16]. For this reason, the total elimination of oil is expensive (the average cost of cleaning a 

crude oil spill is $2730 per barrel [17], which exceeds the commercial oil price by a factor of 

approximately 50). Generally, we can classify the oil spill remediation techniques into 

physical, chemical, thermal, and biodegradation methods [18]. The physical methods include 

skimmers, booms, and adding absorbents [19]. Skimmers can be successfully used for 
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shorelines and calm seas, but they cannot deal with thick oil or floating debris because of their 

rigidity [20]. The more flexible type, boom, has certain successful applications and is also used 

in situ burning methods [21,22], but other issues still exist involving high cost, low efficiency, 

and being difficult to use, clean, or store [23], in addition to the high risk of in situ burning 

that threatens the marine environment [18,24,25]. The bioremediation method has relatively 

little cost and footprint [26]. Excellent remediation has been made by the bioremediation 

method in warm areas, such as in Mexican golf in 2010 [27]. In this method, microorganisms 

can degrade both aromatic and paraffinic hydrocarbons [18]. Yet, in many regions, several 

procedures are usually needed to simulate the proliferation of microbes, such as the injection 

of oxygen to motivate microbial activity [28]. Further, different strains of bacteria and fungi 

are needed to degrade all of the crude oil components, not just single species [28], in addition 

to the rarity of bacteria in very cold areas. Adding hydrophobic adsorbents is the most 

attractive method for finishing oil spill elimination [29-31]. Adsorbents are readily available 

and less expensive [32,33]. They can be used for all kinds of oil because of the wide variety of 

hydrophobic adsorbent materials [31]. The adsorption method is used as a final step in the oil 

spill cleanup because of its optimal effectiveness. Moreover, it can be used regardless of the 

weather and sea state. Absorbent materials have been classified into three types: organic 

polymers (synthetic), natural inorganic (mineral), and natural adsorbents. Polyurethane and 

polypropylene are the most common commercial sorbents [34,35]. Because these materials 

have high oleophilic and hydrophobic characteristics [36, 37], they can absorb oil several 

times their weight (polypropylene fibres have the highest oil absorption of 4.5 g of gasoline 

per gram of polypropylene) [34,38]. Yet, these materials are non-biodegradable [39]. Natural 

inorganic adsorbents such as silica, clay, and volcanic ash have lower costs and sorption 

capacities than those of synthetic materials [40-42]. However, their loose structures help 

them spread up, cause suffocation for labourers, and may damage the respiratory system after 

prolonged exposure [43]. To overcome the limitations of previous methods, vegetative fibers 

such as kapok and straw have considerable advantages related to their biodegradability, 

renewability, and high absorption capacity (the mass of absorbed oil is 3–15 times their 

weight) because of their hollow and fibrous structures [31,36-39]. Vegetative fibers have 

recently been modified to develop their absorption characteristics [44-47]. Though their 

preparation processes are relatively long and might decrease their biodegradability, 

Furthermore, the complexity of the steps makes the product unsuitable for reproducible 

manufacturing [36,48-54].  This study aims to introduce quantitative analyses, streamline the 

optimization process, and eliminate the need for redundant testing. Specifically, the project 

concentrates on formulating an optimized modification procedure for a novel absorbent 

material derived from the easily accessible Kenaf plant (Hibiscus cannabinus). In this study, 

Kenaf plant samples were subjected to varied temperatures during carbonization while 

employing in situ Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) and gas sorption analysis to evaluate the resultant chemical and morphological 

alterations. 

 

Research Methods (Material & Methods) 

Proposed Framework 

This study presents a method for optimizing Kenaf absorption characteristics. In this 

section, the theoretical formula has been applied for calculation. 
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Fig. 2 The proposed method for optimization of kenaf adsorption characteristics. 
 

       The proposed methodology for kenaf is described in many stages that will be used in this 
experiment as summarized in Fig. 2 as follows:  
 

Sample Preparation 

       The fresh Kenaf plant was washed with water to remove soil, inorganic, and foreign 

materials, dried for a week under the sun, and then dried at 105 ˚C for 2h in atmospheric air 

[55,56].  

 

Carbonization of kenaf samples at different temperatures 

       The carbonization process, as shown in Fig. 3, was carried out in a vacuum (500 Pa) at 

different temperatures (200 ˚C, 300 ˚C, 400 ˚C, 500 ˚C, and 600 ˚C). The temperature rate 

increased by 5 ˚C, and each temperature was maintained for 1 h. Then, Kenaf was crushed into 

particles with ~ 200–900 μm diameter. 

 

 

Fig. 3 Describes the carbonization process of Kenaf controlled by required instruments. 
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Measurements of absorption properties: 

The absorption properties of carbonized samples at each temperature were measured 

using one of the most common oil derivatives, diesel. A mesh stainless steel test cell with a 

17.5 cm2 cross-section area and 10 cm long was packed with crushed Kenaf to produce a 

packing density of 0.03 g/cm3, which was found to be a suitable packing density of vegetative 

sorbent for oil remediation [57]. Then, the test cell was dropped into the bath of diesel and 

seawater for specific times of 500–1000 s (the expected times for reaching the equilibrium of 

oil absorption). The oil-saturated test cells were taken from the baths and left for 1 minute to 

drain the free oil from the test cells [57]. The amount of oil that remained in Kenaf samples at 

each equilibrium time was measured and used for calculating oil absorption capacity by Eq. 1. 

 

    
      

 
                                            (1) 

 

where qt (mg/g) is the amount of absorption at the equilibrium time t, C0 and Ct are the 

concentrations of oil (mg/l) at the initial and equilibrium times, V is the water volume (l), and 

W is the dry mass of the absorbent (g) [58]. 

 

Oil retention 

        It is important to evaluate the ability of Kenaf to retain the absorbed oil during transfer 

and handling operations. At the end of the respective soaking time (at equilibrium), the oil-

saturated cell was lifted above the oil bath for 60 min, allowing free oil to drop out of the cell. 

The weight of the cell was continuously recorded during that time. Then, the oil retention was 

calculated as follows: 

 

               
        

  
                         (2) 

 

       where ST is the total weight of oil, cell, and kenaf, SC is the weight of the cell, and SA is the dry 

weight of Kenaf. 

 

Spontaneous imbibition phenomena 

       Figure 4 describes a theoretical model for spontaneous imbibition in porous media, which 

has previously been discussed by Li G. 2015 [59], Yu B. 2008 [60], Liu Y. 2007 [61], and Cai J. 

2010 [62]. 

 
Fig. 4 Schematic of spontaneous imbibition phenomena. 
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         The model was used to describe the absorption process of oil through the carbonated Kenaf 

plant. The weight of imbibed oil increases with time, according to eq. 3:  

 

    Af φρ   
          

  
                               (3) 

 

where W denotes the weight of oil, ρ is the density of oil (Diesel = 0.38 g/cm3), Af stands for  

cross-section areas of the sample (Af = 17.5 cm2), which could be measured using the SEM 

technique, φ is the porosity of carbonated kenaf sample, which can be determined using a gas 

sorption analyzer, γ is the surface tension of oil (for diesel = 26.29 mN m-1), θ is the contact 

angle between oil and sample surface, η is the viscosity of oil (for diesel= 5 mN.sm-2), t is the 

imbibed time, and Reff is the effective capillary radius, which can be calculated as follows: 

 

     
 

   
  

    

    
 
    

   
                                  (4) 

 

where τa is the tortuosity of the streamlines in the porous media (                
 

 
 ), Df is the 

pore fractal dimension, λmax is the maximum pore diameter. Df can be obtained from the 

following equation: 

 

     
   

   
                                              (5) 

 

where d is the Euclidean dimension (consider d = 2), and ξ is considered a coefficient of friction 

per unit length of the wetting line (consider ξ = 0.01 Pa.s). The maximum pore diameter, λmax, 

can be calculated from the Cai J. expression. 
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Ds is characteristic particle diameter (Consider Ds = 200 μm). 

 

Results and Discussions 

Results of the Experiment 

        By solving equation 1, the weight of imbibed oil was obtained at the given times. Figure 5 

shows the weight of oil absorbed during the imbibition process of our sample. A similar 

relationship has been obtained in previous research on the kenaf plant using the same 

equation [59]. Indicating the spontaneous manner of oil spill elimination. 

It’s observed that the amount of absorbed oil at equilibrium does not depend on the 

imbibition time, which can also be seen in the previous work. When the kenaf sample attains 

optimal absorption capacity, the absorbed oil can reach a much larger weight than the sample. 
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Fig. 5 Theoretical Model for Spontaneous Imbibition in Porous Media on the Proposed Data. 
 

         By increasing the carbonization temperatures of Kenaf fibers, the porosity was 

promoted, hence the absorption capacity of oil. However, the improperly high carbonization 

temperature leads to the collapse of the lumen and creates large inter-fiber pore spaces, 

which are unsuitable for absorbing low-density petrol derivatives. Therefore, an evaluation of 

the absorption process is needed at each temperature to find the optimal characteristics. 

Figure 6 shows the experimental results of the oil retention for Kabok assemblies with 

different loose structures [57]. The higher the packing structure, the greater the amount of oil 

retention, whereas the lowest packing structure quickly dripped oil from the assemblies. This 

is because of the large inter-fibers distance and, consequently, the destabilization of the oil 

bridges that form between fibers [63]. The same experiment can be performed to optimize the 

absorption characteristics of Kenaf, and a similar result is expected since both Kenaf and 

Kabok have similar lignocellulose structures [64]. Increasing the carbonization temperature 

leads to an increase in the porosity of fibers, which is recommended for extending the 

absorption capacity. However, as shown in Fig. 6, the extremely loose fibers will allow higher 

percentages of oil to drip out quickly during transfer operations. Therefore, a compromise 

should be considered to reach satisfactory values of absorption capacity and oil retention 

percentage.  

 

Fig. 6 Shows oil retention controlled by the porosity of the absorbent. 
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Evaluation of hydrophobicity 

Most natural fibers have a waxy inside surface, which increases the selectivity of 

hydrophobic liquids over water [57]. For example, Kabok fibers show excellent 

hydrophobicity compared to polypropylene and, hence, high selectivity for oils with different 

densities [57]. Particularly, the lighter oil, diesel, could be fully removed from the water.  

 

Fig. 7 Shows an optimal selectivity of Kabok fibers for diesel oil from water [52]. 
 

This is expected since diesel is a relatively light oil and could enter the fibers easily. 

The reason for the inability of water to penetrate this fiber might be due to the presence of 

negative capillary entry pressure resulting from the large contact angle (> 90°) and surface 

tension of water against the air in the pores [65]. The same experiment was performed in this 

research, and Fig. 7 is considered a benchmark for optimal hydrophobic conditions.  

 

 

The reproducible quantitative analysis of an optimized Kenaf sample  

After recognizing the temperature at which the optimal absorption characteristics are 

attained, the carbonized Kenaf at the favorable temperature (optimized sample) will undergo 

quantitative analyses by using the ATR FTIR technique to determine the main components of 

this sample. The optimization process was carried out simply by carbonizing a kenaf sample 

at the desired temperature and optimizing it in situ by determining the chemical changes of 

the sample using the FT-IR technique in ATR mode [66]. 

 

Fig. 8 Modification for in situ monitoring of the chemical transformation of absorbent material 

during the carbonization process. 
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Figure 8 is proposed to illustrate a scheme for monitoring the functional group changes 

of the sample during carbonization. An ATR accessory with a 45C˚ Zinc selenide, ZnSe crystal 

flat plate was coupled with a spectrometer for data acquisition. The crystal was placed into 

the carbonization chamber and in intimate contact with the sample by using a built-in 

pressure applicator [53]. The spectrometer was first purified by a pure gas generator and an 

oil-less air compressor before sample analysis [67]. Before the calibration, it is necessary to 

know the functional groups to be determined. Cellulose molecules consist mainly of repeating 

glucose units; therefore, the functional groups that represent cellulose are mainly hydroxyl 

groups, three of which are linked to each glucopyranose unit. The whole structure of cellulose 

is constructed by hydrogen bonds that connect cellulose chains [68]. Levoglucosan compound, 

which contains a ketal functional group, was formed by carbonization (Fig. 9) and increased 

until the temperature reached 580˚C, then started to decrease with elevating temperature.  

 

Fig. 9 Formation of Levoglucosan in the early stages of cellulose carbonization [70]. 

On the other hand, the other competitive compound, hydroxy acetaldehyde which will 

also be formed from cellulose carbonization will increase steadily with temperature [68]. The 

other main part of the kenaf structure is the polyaromatic lignin compound, which, after 

carbonization, gives low molecular weight aromatic compounds with phenolic units [68]. 

Therefore, monitoring the chemical transformation of kenaf samples requires a range of ATR 

spectrums that include the bands of carbohydrate hydroxyl, C-OH stretch (3500-2600 cm-1) 

[69], ketal, R – O – C – O–R stretch (1381- 1217 cm-1 ) [65], and aldehyde, R–C( O)H stretch ( 

1700 cm-1) [53] functional groups. Monitoring lignin decomposition might not be clear 

because the aromatic functional group concentration will not be changed after lignin 

depolymerization. Therefore, by increasing the ketal of levoglucosan or aldehydes groups and 

decreasing the hydroxyl of polysaccharide the chemical changes of the kenaf sample can be 

determined.  

The calibration was carried out by entering the same functional groups with known 

molar concentrations, excluding outlier bands that can cause substantial errors, and then the 

calibration was selected after two different normalization procedures [53]. To quantify the 

chemical changes during carbonization, it is useful to obtain the ATR spectra of the same 

species before starting this process. Then, the spectra during the carbonization were 

compared with those for the untreated sample [53]. The measurements were performed by 

choosing a wave number range of 4000-500 cm-1, spectral resolution of 4 cm-1, and 40 scans 

per sample. By using the same parameters, a spectrum without any material on the diamond 

crystal was obtained. This void spectrum is considered a background and is needed before 

each sample measurement. Then, ATR spectra were also compared to those obtained in 

Section 3 (at the same operational parameters) for the sample at the same optimum 

temperature, and the two measurements are expected to be similar. 
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Statistical Analysis 

In this section, we employed modeling and optimization techniques to establish 

correlations between independent variables, including retention time in seconds (X1), particle 

size in micrometers (X2), and packing density in g/cm³ (X3), and their impact on the 

predicted oil retention percentage (Y). The findings from these investigations, which 

encompassed 10 experimental runs, are summarized in Table 1. This table provides a 

comprehensive view of the Response Surface Methodology (RSM) model, illustrating the 

relationships between these variables and their respective experimental and predicted oil 

retention. 

Table 1: Model of Response Surface Methodology 
 

Run # Temp. (C°) Retention 
time (s) (X1) 

Particle 
size (μm) 

(X2) 

Packing density 
(g/cm3) (X3) 

Experimental 
oil retention (Y) 

Predicted oil 
retention % 

1 100 500 50 0.10 10.1 10.3 
2 200 1000 150 0.09 17.3 19.2 
3 300 1500 250 0.08 30.5 32.7 
4 400 2000 350 0.07 37.5 40.6 
5 500 2500 450 0.06 51.6 55.4 
6 600 3000 550 0.05 76.3 79.5 
7 700 3500 650 0.04 81.6 84.2 
8 800 4000 750 0.03 85.1 86.3 
9 900 4500 850 0.02 85.4 86.3 

10 1000 5000 950 0.01 85.5 86.4 
 

            In this analysis, we have interpreted the correlations derived from the provided dataset 

and delved into their implications, as illustrated in Fig. 10. The correlation heatmap visually 

represents the strength of linear relationships between pairs of features, specifically retention 

time in seconds, particle size in micrometers, and packing density in g/cm³. A positive 

correlation is evident between retention time and particle size, indicating that as particle size 

increases, there is a corresponding increase in retention time. 
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.  
Fig.10 Correlation heatmap 

As a result, we noted a positive correlation between retention time and packing 

density. This relationship suggests that the larger the packing density, the longer the retention 

time tends to be. This correlation can be attributed to the fact that denser packing causes 

greater resistance, leading to a slowdown of particle flow and, as a result, longer retention 

times. These notes shed light on the dynamic interaction of these variables in the oil retention 

process. There is a direct correlation between experimental oil retention and both retention 

time and particle size. Contrariwise, there exists an opposite correlation between 

experimental oil retention and packing density, as illustrated in Fig. 11. These observations 

emphasize the substantial effect of these variables on both the oil retention process and 

underline the significance of the impact of these relationships.  

 

Fig. 11 Relationship between experimental oil retention and Retention time, Packing density, 

and Particle size. 
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Table 2 displays and Fig 12 comprehensive overview of our linear regression model, 

providing vital insights into its coefficients, R-squared (R-sq) value, adjusted R-squared (R-

sq(adj)) value, and mean squared error (MSE). 

Table 2:  Linear Regression model 

Term  Feather Coef R-sq R-sq(adj) 

b 0  Constant 4.89  

97.83% 

 

97.86% b 1  Retention times 1.8372e-02 

b 2  Particle size ( μm) 3.67544e-03 

b 3  Packing density -3.67e-07 

 

 

Fig.12 Pair plot of feathers and Dependent Variables 
 

Predictive Model (Equation 1): The predictive model for the oil retention percentage 

(predicted oil retention %) is presented in Equation 7: 

 

Predicted oil retention %=4.89+1.8*e-02 X1 +3.6*e-03 X2 - 3.6*e07 X3                      (7)    

 

where X1 is Retention times, X2 is Particle size (μm), and X3 is Packing density. The equation 

depicts the intricate relationship between the independent variables Retention Time, Particle Size, and 

Packing Density, and the dependent variable, Predicted Oil Retention. The intercept (b0) value in this 

equation is 4.89, which indicates the estimated oil retention percentage when all the independent 

variables (retention time, particle size, and packing density) assume a zero value. However, 
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experimentally, these variables rarely reach an absolute zero value, making interpreting this value 

somewhat abstract. The coefficient for retention time (b1), set at 1.8e-02, demonstrates that as the 

retention time in seconds increases, there is a corresponding increase in the predicted oil retention 

percentage. This suggests a positive relationship, where longer retention times result in higher oil 

retention, reflecting the effect of time in this process. 

Moving on to particle size (b2), it stands at 3.6e-03, implying that an increase in particle size 

measured in micrometers is associated with a heightened predicted oil retention percentage. A 

positive relationship unfolds here, indicating that larger particles are more efficient at retaining oil in 

this context. In contrast, packing density (b3) is represented by -3.6e-07, revealing that higher packing 

density, expressed in g/cm³, is tied to a modest reduction in predicted oil retention percentage. This 

signifies a negative relationship where denser packing conditions result in slightly decreased oil 

retention, likely due to increased resistance and slowed particle flow within the system. These 

coefficients offer critical insights into the strength and direction of the relationships between the 

independent variables and the predicted oil retention percentage, aiding in a better understanding of 

the dynamics at play in this complex system. 

The R-squared value of 97.83% implies that the model explains a very high proportion 

of the difference in the dependent variable. This proposes that the model fits the data 

remarkably well. The adjusted R-squared value of 97.86% further confirms the goodness of 

fit, accounting for the number of predictors in the model. Both values highlight the 

effectiveness of the model in capturing the variability of the dependent variable based on the 

predictors used. Therefore, to analyze the relationship between experimental and predicted oil 

retention, we can see Fig. 13, where the results for both align almost closely. Our model is highly 

precise in its predictions, as the observed data closely reflect the values predicted by the model. This 

validation points out the robustness and reliability of our predictive model in real-world scenarios. 
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Fig 13. Comparison between Experimental and Predicted Oil Retention. 

 

  This study gives insight into a comprehensive understanding of Kenaf's physical-chemical 

properties, specifically focusing on variables such as retention time, particle size, packing 

density, and their effect on oil retention. By applying statistical modelling and quantitative 

analysis, we aim to create predictive models that will inform future experiments, optimizing 

Kenaf-based absorbents for oil spill removal. The research it tries to find is not only a 

significant contribution to the environmental remediation area but also aligns with the widely 

global purposes of sustainability and responsible resource management. Investigating the 

potential of Kenaf as a natural and eco-friendly oil absorbent would be a first step towards 

addressing a critical environmental challenge of our time. 

  First, it is necessary to conduct practical experiments to validate the predictive 

capabilities of the proposed model in real-world oil spill removal scenarios. This includes 

designing experiments that are performed according to the optimized physical-chemical 

parameters derived from this study. Furthermore, the environmental impact and cost-

effectiveness of Kenaf-based absorbents in oil spill removal operations require in-depth 

investigation. Comparing the absorption capacity and cost-efficiency of Kenaf-based materials 

against traditional synthetic alternatives will provide useful and worthy data for decision-

makers. Additionally, research should continue optimizing Kenaf-based absorbents' 

manufacturing process to achieve scalability and cost-effectiveness while maintaining high 

performance. 

 

Conclusion 

      The extensive analyses undertaken in this study aimed to pinpoint the precise physical-

chemical parameters necessary for the development of highly efficient Kenaf-based 

absorbents for marine oil spill cleanup. Kenaf's adaptability to various climates and its 

minimal labour-intensive cultivation process make it a promising candidate for widespread 

adoption in oil spill remediation endeavours. The statistical analysis, focusing on linear 
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regression, has unveiled intricate relationships among retention time, particle size, and 

packing density, providing valuable insights into their combined impact on oil retention 

percentages. Conspicuously, a substantial 97.86% of the total variation in oil retention 

percentage can be attributed to these variables under scrutiny. These statistical models offer a 

predictive framework for designing future oil retention experiments. By applying statistical 

predictions alongside rigorous quantitative analyses, we can streamline our path toward 

achieving oil spill cleanup objectives efficiently and in an environmentally sustainable 

manner. Kenaf's potential as a natural absorbent stands poised to make a significant and 

positive impact on the environmental remediation landscape. 
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