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Abstract: Oil spills and contaminated water sources are responsible for polluting marine 

environments, which in turn has adverse effects on marine ecosystems and public health. 

Among various oil removal methods, adsorption is the preferred technique due to its speed, 

simplicity, low cost, and eco–friendliness. In this paper, we will review methods for 

modifying the oil adsorption properties of cellulose to enhance its adsorption capacity. We 

have reviewed 287 relevant worldwide documents in recent years and selected 142 

documents for use in this study. The review results of the number of documents show that 

there are three main methods for transforming cellulose–based adsorbents, including (1) 

Physical transformation methods such as mechanical crushing, or pressing, heat treatment, 

and the plasma technique; (2) Chemical modification methods such as mercerization, 

acetylation, grafting, acidification, aerogel modification, cationic surfactant; and (3) 

Bioremediation (immobilization of microorganisms). Among these modification methods, 

cellulose–based aerogels have shown remarkable oil absorption capabilities of up to 170.0 

g/g, superhydrophobicity (with a water contact angle of 156.7o), and the ability to be reused 

up to 80 times. Cellulase denaturation and microbial immobilization are eco–friendly 

techniques that have potential to replace non–biodegradable oil adsorbents. Furthermore, 

utilizing agricultural by–products to produce high–capacity absorbent materials is a 

promising solution that benefits both the economy and the environment. 

Keywords: Adsorption; Cellulose; Modified methods; Natural adsorbents; Oil cleanup. 

 

1. Introduction 

The worldwide deterioration of water quality and negative impact on the underwater 

ecosystem is caused by oil pollution resulting from oil spills and leaks during various 

activities such as transportation, shipping, exploration and production, oil refining, and 

disposal [1]. This has led to severe health consequences [2]. The majority of oil spill volumes 

in water originate from oil refinery ports (25%), ships (25%), oil tankers (20%), barge tankers 

(15%), and oil rigs (15%). The oil spills consist of various types of oil, with crude oil being 

the most common (35%), followed by diesel oil (20%), marine oil (10%), gasoline (8%), and 

the lowest is bunker oil (3%) [3]. 

There are various methods available for removing oil from water, including in–situ 

burning, chemical techniques such as solidification and dispersion, biological methods, and 
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physical methods such as skimming and oil sorbents [4]. Nevertheless, oil absorbent 

materials are the most favored method due to their quickness [5], convenience, affordability 

[6], and eco–friendliness [7]. There are about 200 different sorbent materials available in the 

market, and the choice of sorbent material depends on factors such as availability, cost, and 

safe usage [8]. The three main categories of oil sorbent materials are inorganic mineral 

products, synthetic organic products, and natural organic products [9]. Inorganic products 

like perlite, vermiculite, and diatomite are mostly buoyant and have low oil absorption 

capacity [10], while organic polymer products such as polypropylene, polyethylene, and 

polyurethane have a major drawback of being difficult to biodegrade [11]. However, 

lignocellulose sorbent materials have significant advantages over other materials, especially 

in terms of their environmental friendliness and lightweight nature, making them easily 

recoverable and reusable [12]. 

Natural adsorbents from agricultural waste and byproducts, including rice straw [13], 

sawdust [12], onion skin [14], garlic skin [14], walnut shell [15], bagasse [16], barley straw 

[17], banana stem fibers [18], banana stem [18], peanut shell [19], rice husk [20], corn stalk 

[21], corn cob [22], pomelo peel [23], wheat straw [24], mango seed coat [25], banana peel 

[4], rice bran [26], Cha La seeds [27], flax fiber [28], durian peel [29], and coconut coir [30],  

have gained significant attention from researchers in recent years for their effectiveness in 

removing oil from water. 

Natural absorbent materials are an appealing choice for cleaning up oil spills owing to 

their cost–effectiveness, widespread availability, biodegradability, and non–toxic nature. 

Nevertheless, they exhibit limitations such as low adsorption capacity, limited floatability, 

and hydrophilicity [31]. Researchers have reported different conversion methods in literature 

to enhance the properties of natural absorbent materials, such as their adsorption capacity and 

buoyancy, while maintaining their original properties. Ideally, these modifications should be 

minimal and should not affect the biocompatibility of the material [32]. 

To improve these properties, adsorbent materials can be modified by physical methods: 

mechanical [33], thermal [34–35]; chemical methods: alkaline treatment [36], acetylation 

[37], benzoylation and grafting [38–40], and biological methods [41], which can significantly 

enhance the adsorption properties of the natural base material.  

This study will delve into investigating and evaluating methods to improve the oil 

adsorption capability of natural organic sorbents derived from environmentally friendly plant 

sources. 

2. Cellulose–based adsorbents 

Lignocellulosic, which refers to wood and plant materials, is a type of composite material 

that consists of three different polymers, namely cellulose, hemicelluloses, and lignin [42]. 

Cellulose is made up of straight crystalline chains of glucose units that are joined together by 

1,4–β–glycosidic bonds, and the length of the polymer chain can be as long as 15,000 units 

[43]. One of the remarkable characteristics of cellulose is its ability to biodegrade and 

regenerate. Additionally, cellulose exhibits high strength and stiffness, low density, and 

excellent biocompatibility [44]. 

Natural organic sorbents are composed of cellulose, hemicellulose, and lignocellulose, 

which mainly composed of carbon (C), hydrogen (H), oxygen (O), and nitrogen (N), as noted 

by [45]. As pointed out by [46], high levels of carbon or oxygen content are important for 

improving the oil recovery capacity of sorbent materials in water. Although cellulose can 

serve as an efficient oil sorbent, its hydrophilic characteristics due to the hydroxyl (–OH) 

groups on the material’s surface can impede oil clean–up efforts in water. One solution is to 

substitute the hydroxyl groups to modify the sorbent's surface and increase its hydrophobicity 

[47]. This is also the rationale behind numerous modification methods used to substitute the 

hydroxyl groups. 
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The structure of the sorbent is a significant factor, including its hydrophobicity, porosity, 

suitable pore size, and surface area [46]. An oil absorbent that is considered ideal should 

exhibit high porosity and surface area while also being able to selectively absorb oil. To be 

useful for oil spill treatment purposes, the sorbent must also be stable chemically and 

mechanically, environmentally friendly, buoyant, and possess low density, in addition to 

being recyclable [48]. 

The next section will analyze methods of modifying sorbents to improve their 

hydrophobicity and oil sorption capacity of natural adsorbents. 

3. Adsorbent modification method 

Natural sorbents are typically only effective for oil absorption in non–aqueous 

environments [49]. To improve their performance, pretreatment methods are used to enhance 

functional groups, such as hydrophobic and ankylic groups, and increase pore numbers. 

Sorbent modification methods include physical modification, chemical modification (such as 

hydrolysis, acetylation, benzylation, grafting, and other methods), and biological 

modification [33].  

3.1. Physical modification methods 

3.1.1. Mechanical crushing or pressing 

According to [33], mechanical crushing or pressing does not affect the hydrophobicity 

of natural adsorbents, but it can affect their effectiveness in removing oil. Crushing or 

pressing the absorbent can increase its oil absorption capacity by increasing the contact 

surface area between the absorbent and oil. However, if the absorbent is highly compressed, 

its oil absorption capacity may decrease because the oil has difficulty infiltrating the material 

[17, 50].   

3.1.2. Heat treatment 

Natural adsorbent modification by high–temperature treatment methods includes drying 

[35], hydrothermal treatment [33], and pyrolysis [34].  

By drying, the material’s porosity can be augmented, leading to an increase in the surface 

area of the adsorbent and an improvement in oil absorption capacity. However, conventional 

drying methods can cause a substantial reduction in the porous structure of the natural 

adsorbent, thereby decreasing its ability to adsorb and be reused [51]. Additionally, the drying 

process does not enhance the oil absorption capacity and water repellency of the organic 

natural adsorbent in comparison to raw fibers [35]. 

According to [52], hydrothermal treatment is an economical and eco–friendly technique 

that can eliminate cellulose components that are hydrophilic. When adsorbent materials are 

subjected to hot water treatment, it can help eliminate impurities, wax coatings, and volatile 

compounds from cellulose fibers, increasing their contact with the adsorbing environment 

[53]. Dried moss fibers were soaked in deionized water at temperatures of 80°C and 100°C 

for an hour, and the results showed that the adsorbent material treated with hot water at 80°C 

had a 12.4% increase in diesel oil adsorption capability, while treatment at 100°C showed a 

6.7% increase when compared to untreated materials [33]. In another study, [54] utilized 

superheated steam treatment to remove hemicellulose from coir fibers. The findings of [33] 

indicated that hot water modification of the fiber surface resulted in a greater contact surface 

area, which improved the oil adhesion of the modified fiber surface and removed the wax 

coating and some volatile components. In addition, the heat treatment will increase the oil 

absorption capacity, enhancing the hydrophobicity and oil affinity of the fibers [55]. 

Pyrolysis is an alternative heat treatment method that can increase the hydrophobicity 

and oil absorption capacity of materials through carbonization. However, this process is 
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expensive and time–consuming [56]. Carbonized rice husk has been found to be a superior 

natural adsorbent due to its high content of oil–affinity SiO2 group, which enhances its oil 

absorption capacity and hydrophobicity. However, the efficiency of pyrolysis depends on the 

number of natural fibers in the plant material being used [34]. Rice husk waste is rich in 

silica, and pyrolyzing the husk leads to the decomposition of organic matter and the 

breakdown of bonds between silica and organic matter. This increases the hydrophobicity of 

the husk, allowing it to selectively absorb crude oil [20]. Table 1 presents a summary of the 

synthesis of natural adsorbents using various heat treatment methods such as drying, 

hydrothermal treatment, and pyrolysis. 

Table 1. Synthesis of natural adsorbents treated by heat methods. 

Material Method Oils 

Sorption 

capacity/ 

Removal 

Ref. 

Barley straw Drying Gas oil 7 – 8.5 g/g [57]  
Carbonization, 400oC in 0.5 to 3 

hours 

Gas oil 8.5 – 9 g/g [57] 

Calotropis 

procera fiber 

Thermally treated, 150oC Crude oil 76.32 g/g [58] 

 Thermally treated, 200oC Crude oil 94.31 g/g [58] 

 Hot water treatment at 80oC in 1 

hour 

Crude oil 99.2 g/g [36] 

 Oven drying, 60oC, 24 hours Engine oil 1.107 g/g [59] 

Coconut husk Oven drying, 60oC, 24 hours Engine oil 0.058 g/g [59] 

Kapok fiber Oven drying, 60oC, 24 hours Engine oil 0.827 g/g [59] 

 Sun–drying Diesel oil 19.35 g/g [60] 

 Sun–drying Engine oil 60.51 g/g [60] 

 Sun–drying Used 

engine oil 

49.94 g/g [60] 

Luffa (an 

agricultural 

waste) 

Cutting, Sieving, washing, and 

drying  

(105oC) 

Diesel oil > 85 % [60] 

Moss Hot water treatment, 100oC Diesel oil 7.85 ± 0.09 

g/g 

[33] 

 
Hot water treatment, 80oC Diesel oil 8.27 ± 0.06 

g/g 

[33] 

Potato peel Drying, 70oC and crushing Waste 

lubricating 

oil 

2.15 g/g [23] 

Rice husks Oven drying, 60oC, 24 hours Engine oil 0.298 g/g [59] 

 Sun–drying Diesel oil 2.60 g/g [60] 

 Sun–drying Engine oil 9.26 g/g [60] 

 Pyrolysis Diesel oil 5.02 g/g [20] 

 Pyrolysis (N2 or inert atmosphere) Diesel oil 2.78 g/g [20] 

 Pyrolysis (Carbonized), 480oC Diesel oil 5.5 kg/kg [34] 

 Pyrolysis (Carbonized), 480oC Motor oil 7.5 kg/kg [34] 

Salvinia 

cucullata Roxb 

Oven drying, 60oC, 24 hours Engine oil 0.944 g/g [59] 

Silkworm 

cocoon waste 

Oven drying, 110oC reduced to 60 
oC, cutting and milling 

Motor oil 42 – 52 g/g [62] 

Sugarcane 

bagasse 

Oven drying, 60oC, 24 hours Engine oil 0.019 g/g [59] 

 Sun–drying Diesel oil  10.51 g/g [60] 

 Sun–drying Engine oil 19.95 g/g [60] 

 Sun–drying Used 

engine oil 

18.01 g/g [60] 

 Oven drying Engine oil 3.2 – 5.3 

g/g 

[61] 

Wood chips Oven drying, 60oC, 24 hours Engine oil 0.343 g/g [59] 
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Table 1 provides information on the oil adsorption capacities of naturally derived organic 

adsorbents that have undergone thermal treatment. Calotropis procera fiber and Kapok fiber 

are examples of natural fiber adsorbents with excellent oil adsorption capabilities. Heat 

treatment of Calotropis procera fiber at 150oC and 200oC for 1 hour resulted in the reduction 

of functional groups, such as C–H (2920 cm–1), C=O (1734, 1368, and 1244 cm–1), and C–O 

(1032 cm–1), and the disappearance of lignin (1505 and 1597 cm–1) and hemicellulose (1737 

and 1248 cm–1) peaks. Furthermore, the heat treatment helped eliminate the water–repellent 

waxes from the fiber surface, thereby increasing its oil adsorption capacity. The Calotropis 

procera fiber with a large lumen, has a high oil adsorption capacity of up to 74.04 g/g. Raising 

the temperature from 150oC to 200oC results in an increase in the maximum adsorption 

capacity from 94.31 g/g to 124.60 g/g [58]. Similarly, Kapok fiber has oil adsorption 

capacities of 19.35 g/g, 49.94 g/g, and 60.51 g/g for diesel oil, used engine oil, and engine 

oil, respectively, after being sun–dried [60]. 

3.1.3. The plasma technique 

The plasma method is a physical process that transforms the surface of fibers by forming 

strong bonds between the fiber matrix and the new functional groups, leading to improved 

mechanical properties of natural fibers [63–64]. Low–pressure flo plasma treatment has been 

used to enhance the surface hydrophilicity of cellulose fibers towards hydrocarbons that are 

dispersed in water, which improves their ultra–hydrophobic adsorption properties. The 

cellulose fibers were obtained from various vegetables, treated by NaOH (0.5% w/w) at 353 

K for 20 minutes, and then treated with low–pressure plasma in the laboratory. The results 

of the kinetic analysis demonstrated that the fibers treated with plasma achieved a removal 

efficiency ranging from 80% to 90% after only one minute of exposure, which depended on 

the initial weight ratio of hydrocarbon to fiber (ranging from 20 mg/g to 240 mg/g). 

Moreover, the maximum adsorption capacity of the treated fibers exceeded 270 mg/g, and 

the adsorption process adhered to the Langmuir adsorption isotherm, as noted by [65].   

3.2. Chemical modification method 

The chemical treatment of adsorbents is a technique that can be used to cleanse the 

surface of fibers, alter the surface chemically, and increase the roughness of the surface [66]. 

This modification can lead to a reduction in water adsorption and an improvement in oil 

adsorption as compared to unmodified adsorbents [33]. Many techniques have been studied 

to improve the ability of adsorbents to repel water (hydrophobic) and attract oil (lipophilic), 

including alkalization, acetylation, benzoylation, crosslinking agents (with or without heat), 

grafting, and other techniques [67]. In order to attach different chemical groups to the 

hydroxyl (–OH) group on the cellulose chain, a variety of reactions are used. These reactions 

typically involve chemicals such as alkali, acetic anhydride, coupling agents, peroxide, 

stearic acid, fatty acid derivatives (oleoyl chloride), and others [68–69]. 

3.2.1. Mercerization 

Alkali treatment is defined by the ASTM D1965 as a method in which strong bases are 

used to treat plant fibers, causing significant swelling and changing the fibers’ fine structure, 

size, shape, and mechanical properties [70]. Mercerization, a process that breaks down fiber 

bundles into smaller ones by treating them with alkali, is widely used for modifying organic 

adsorbents because it is simple and effective [47, 71]. The initial alkali treatment is used to 

remove non–cellulose components like lignin and pectin, which exposes the inner surface 

and creates a rougher surface structure for natural fibers [56]. This increases surface 

roughness and promotes mechanical interlocking and better contact of cellulose on the fiber 

surface, which increases the number of reactive sites [72]. Hasim has shown that the change 



VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           101 

 

in natural crystalline structure depends on the type and concentration of alkali used [73]. 

Increasing the NaOH concentration in the alkali treatment increases water repellency, leading 

to a reduced water adsorption capacity of single abaca fiber [74]. Table 2 summarizes the 

literature on the parameters of the alkali treatment process, focusing on NaOH concentration, 

treatment temperature, and soaking time. 

Table 2. Mercerization conditions of natural cellulose fibers. 

Material 
NaOH treatment 

parameters 
Oils Effect/Comments 

Sorption 

capacity 
Ref. 

Calotropis 

procera 

fiber 

Agitate NaOH 0.1 M 

for 1 hour 

Crude oil The functional groups’ intensity was 

reduced, and the surface became slick 

with a waxy hydrophobic coating on 

the inner surface of the hollow 

structure. The fiber diameter 

increased from an average of 23.84 ± 

4.44 μm to 37.47 ± 3.80 μm, and the 

specific surface area improved from 

146.6 to 390.8 m²/kg. Furthermore, 

93% of the structure is made up of 

voids. 

103.9 

g/g 

[36] 

Hybrid 

peel waste 

(banana 

skins + 

orange 

peel) 

Hybridization of peels 

with NaOH 1 M, 

stirred at 350 rpm for 

24 hours and drying at 

70oC for 24 hours 

Lubricant 

oil 

The process of hydrolyzing the 

adsorption band of –COOCH3 on the 

surface of fruit peels results in an 

augmentation of carboxylic acid 

amount due to the formation of –

COO– groups. 

38.12% [75] 

Moss NaOH solvent (5%) at 

25oC for 48 hours 

Diesel oil The treatment of moss fibers with 

mercerization resulted in an 

enhancement of surface roughness 

and area, leading to swelling and an 

increase in diesel sorption capacity 

by 22%. 

8.99 ± 

0.08 g/g 

[33] 

Plant 

fibers 

(soybean) 

The fibers were 

subjected to alkali 

treatment by 

immersing and 

shaking them in a 5% 

NaOH solution for two 

different periods: 48 

hours at 25°C and 1 

hour at 300°C. 

Following the 

treatment, the fibers 

were drained and dried 

at 105°C for 24 hours 

Crude oil  5 g/g [76] 

Rice 

Husks 

NaOH 4 M at 90oC Marine 

diesel 

The use of low NaOH concentrations 

(0.1 M) can effectively eliminate 

surface fat, wax, and hemicellulose, 

whereas comparable oil uptake 

outcomes are seen for samples treated 

with NaOH concentrations ranging 

from 2–6 M. 

20 g/g [77] 

Table 2 shows that Calotropis procera fibers treated with 0.1 M NaOH for 1 hour 

resulted in a reduction in functional groups’ intensity, such as CH (2920 cm–1), C=O (1734, 

1368, and 1244 cm–1), and CO (1032 cm–1). This is because the treatment removed impurities, 

wax and pectin from the surface of the fibers. The contact angle θ of the hydrophobic surface 

was measured at 119o and 0o for diesel. Mercerisation considerably increased the inner 

diameter and surface area of Calotropis procera lumens, leading to an increased absorption 
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capacity of up to 103.9 g/g [36]. The mercerization process using NaOH concentrations 

ranging from 0.1 M to 6 M on rice husks resulted in broken cellulose hydrogens and increased 

surface roughness. Wax and oil coatings on the outer layer of fiber cells were eliminated, 

leading to an improved absorption capacity of up to 20 g/g for marine fuel RMG380 [77]. 

Anuzyte discovered that the alkaline hydrolysis process using 5% NaOH induced swelling 

and increased surface area and roughness of moss fibers, resulting in an additional 22% 

increase in diesel absorption capacity [33]. Additionally, alkali treatment serves as a 

pretreatment method for other adsorbent transformation techniques. In the study by [24], 

wheat straw underwent a pretreatment process by extraction with a toluene–ethanol solvent 

system (2:1, v/v) to remove the wax layer, followed by treatment with 1.3% NaClO2 solution 

and 10% NaOH solution at 20oC for 10 hours to eliminate hemicellulose and expand the 

cellulose before acetylation reactions. 

3.2.2. Acetylation 

The process of acetylation is commonly used to modify cellulose under appropriate 

reaction conditions, either in industrial production of cellulose acetate or in laboratory 

synthesis. During acetylation, the –OH bonds in cellulose are replaced by ester [–COO] or 

acetyl (CO) bonds, resulting in increased hydrophobicity compared to the original hydroxyl 

groups, which can be hydrolyzed with water [52]. The acetylation process replaces the 

hydroxyl groups with hydrophobic acetyl groups, which enhances the oil adsorption capacity 

of cellulose adsorbents, making them easier to recover [78]. Table 3 summarizes the oil 

adsorption capacity and agents used for some natural adsorbents that have been modified 

through the acetylation reaction. 

According to Table 3, the oil adsorption capacity of the adsorbent significantly increased 

after acetylation, showing an increase from 67.51% to 195.60% compared to before the 

acetylation process. Notably, a study by [79] found that the acetylation of corn cobs with 

acetic anhydride in a solvent–free system in the presence of iodine under mild reaction 

conditions resulted in excellent oil adsorption capacity both before and after modification, 

with values of 28.2 g/g and 68.8 g/g, respectively. Similarly, [24] reported that the acetylation 

process modified the surface properties of wheat straw of wheat straw, creating new sites for 

oil adsorption and storage. This resulted in an increase in oil adsorption capacity by 177.46% 

to 195.60% compared to the original values. Corn silk was also acetylated by [49] to improve 

its oil adsorption capacity using acetic anhydride and N–bromosuccinimide as a catalyst, 

resulting in a maximum weight percentage gain of 11.45% and an increase in oil adsorption 

capacity from 72.02% to 77.45%. Acetylated flax fibers were synthesized by [28] using a 

mixture of liquid acetylation agents and observed an increase in oil adsorption capacity from 

13.25 g/g to 17.42 g/g and 24.54 g/g after microwave treatment and acetylation modification, 

respectively. Finally, [37] found that acetylated sugarcane bagasse had a higher affinity for 

oil than raw sugarcane bagasse and that acetylation could increase the oil adsorption capacity 

in salty water by approximately 88.33%. 

The disadvantage of acetylation method by acetic anhydride that it produces acetic acid 

as a byproduct. Acetic acid causes residual odor, loss of material durability due to acid 

hydrolysis of hemicellulose, and metal corrosion [13]. 

Table 3. The agents used and oil adsorption capacity of some natural adsorbents modified by 

acetylation reaction. 

Adsorbent Agent Oils 

Adsorption 

capacity 

before 

modification 

Adsorption 

capacity after 

modification 

The 

adsorption 

efficiency 

increased 

Ref. 

Bagasse The process of acetylation 

with acetic anhydride as a 

Crude oil 6 g/g 11.3 g/g 88.33 % [37] 
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Adsorbent Agent Oils 

Adsorption 

capacity 

before 

modification 

Adsorption 

capacity after 

modification 

The 

adsorption 

efficiency 

increased 

Ref. 

reactant and NBS as a 

catalyst is carried out 

under mild conditions 

  Crude oil 5.4 g/g 9.1 g/g 68.52 % [37] 

Cocoa pods 

(natural 

fiber) 

Acetylation with acetic 

anhydride and (1 % of the 

solvent) N–

bromosuccinimide 

(NBS) as a catalyst 

Crude oil 3.97 g/g 6.65 g/g 67.51 % [80] 

Corn Cobs Acetylation with iodine 

and acetic anhydride 

Oil spill 28.2 g/g 68.8 g/g 143.97 % [79] 

Corn silk 

fiber 

The catalyst used for the 

acetylation reaction was 

NBS, which was added at a 

concentration of 1–3% by 

weight of the sorbent. 

Acetic anhydride was used 

in a solid–to–liquid ratio of 

1 g/30 mL. 

Tapis 

crude 

oil 

8.15 g/g 14.02 g/g 72.02 % [81] 

  Arabian 

crude oil 

9.4 g/g 16.68 g/g 77.45 % [49] 

Flax fiber A blend of 200 mL 

methylbenzene, 100 mL 

ethanoic anhydride, and 3 

mL perchloric acid as a 

catalyst for acetylation 

Motor oil 13.25 g/g 24.54 g/g 85.21 % [28] 

Oil palm 

empty fruit 

bunch 

(natural 

fiber) 

Acetylation with acetic 

anhydride and (1 % of the 

solvent) N–

bromosuccinimide 

(NBS) as a catalyst 

Crude oil 3.04 g/g 6.48 g/g 113.16 % [80] 

Peat moss Acetylation with acetic 

acid 

Oil spill – 7.6 – 8 g/g – [82] 

Rice Husks Acetylation in a solvent 

free system using NBS  

Crude oil – 10.31 g/g – [83] 

Sugarcane 

bagasse 

Under mild conditions and 

without the use of a 

solvent, an acetylation 

reaction be carried out 

with acetic anhydride as 

the reactant and N–

bromosuccinimide as the 

catalyst 

Machine 

oil 

– 18.8 g/g – [84] 

Wheat 

straw 

Acetic anhydride as an 

acetylation reagent and 

NBS as a catalyst 

Diesel oil 8.19 ± 0.47 

g/g 

24.21± 0.76 

g/g 

195.60 % [24] 

  Diesel oil 

slick 

7.83 ± 1.14 

g/g 

22.39 ± 0.77 

g/g 

185.95 % [24] 

  Corn oil 9.23 ± 1.34 

g/g 

25.61 ± 2.13 

g/g 

177.46 % [24] 

  Corn oil 

slick 

8.68 ± 1.23 

g/g 

24.73 ± 1.19 

g/g 

184.91 % [24] 

3.2.3. Grafting 

The process of grafting is a straightforward and efficient approach to modify natural 

fibers for better oil adsorption by introducing oil–friendly groups onto the fibers, which 
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increases their hydrophobicity [52]. Various reactions, including silylation, etherification, 

and esterification, can be used for grafting [38]. Esterification grafting, which involves 

attaching fatty acids onto the adsorbent material’s surface, is commonly employed to modify 

natural oil adsorbents. This section aims to provide a comprehensive description of the 

esterification grafting method. 

a) Esterification 

Cellulose esterification is a process of acylation that involves using carboxylic acids as 

acylating agents, catalyzed by strong acids or activated derivatives like anhydrides or acid 

chlorides with a base or Lewis acid [85]. The two types of cellulose esterification are 

chemical esterification [86] and mechanochemical esterification [39]. Chemical esterification 

of cellulose is often performed using pyridine–acyl chloride or anhydride reactions, which 

generate hydrochloric acid as a by–product, leading to cellulose degradation and 

environmental harm [87−88]. 

According to [89], ionic liquids like EmimOAc could serve as catalysts and reaction 

media for cellulose hydroxy group esterification. The researchers performed cellulose 

modification using oleic acid in the TsCl/BmimOAc system through mechanochemical 

esterification, and a new absorption peak was observed at 1731 cm–1 in the Fourier transform 

infrared spectra, indicating the formation of C=O groups [39]. In another mechanochemical 

esterification method conducted by [90], cellulose fibers were ground to create microcrystals, 

and these microcrystalline cellulose particles were then reacted with asymmetric mixed 

anhydrides (formed from acetic anhydride and oleic acid) in a ball mill. The study found that 

the ball–milling method was an effective way to modify cellulose powder surfaces with 

acetic–oleic acid mixtures, and the modified cellulose esters demonstrated improved 

hydrophobicity and thermal stability when compared to untreated cellulose powder. 

Typical fatty acids, including oleic acid, stearic acid, lauric acid, decanoic acid, fatty 

acid chlorides (oleoyl chloride and octanoate chloride), and N–bromosuccinimide (NBS), can 

be used as agents for cellulose esterification reactions to enhance oil absorption and 

hydrophobicity of natural adsorbents [12, 29, 86, 91−94]. Table 4 presents the agents used 

for cellulose esterification reactions and the oil absorption capacity of the modified 

adsorbents by esterification reactions.   

 

Figure 1. Diagrammatic illustration of the esterification process of cellulose in BmimOAc with oleic 

acid and TsCl as an activating agent [39]. 

Table 4. The agents and oil adsorption capacity of the modified adsorbents through esterification reaction. 

Adsorbent Esterifiers Solvent Catalyst Oils 

Sorption 

capacity/ 

Removal 

Ref. 

Coconut coir Fatty acid 

chloride (oleoyl 

chloride) 

DMaC/LiCl N–

bromosuccinimide 

(NBS) 1% (v/v) 

Engine oil 15.31 g/g [94] 

 Fatty acid 

chloride 

(octanoate 

chloride) 

DMaC/LiCl N–

bromosuccinimide 

(NBS) 1% (v/v) 

Engine oil 11.96 g/g [94] 

Coconut husk Stearic acid n–hexane H2SO4   [86] 
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Adsorbent Esterifiers Solvent Catalyst Oils 

Sorption 

capacity/ 

Removal 

Ref. 

Cotton fiber Stearic acid (C18 

fatty acid) 

Solvent 

free system 

5.0 g of p–TsCl/ 

100 mL of 

pyridine 

Crude oil 35.58 g/g 

(49 % 

raw 

cotton 

fiber) 

[95] 

Durial Peel Stearic acid n–hexane H2SO4 Diesel oil 0.3780 [29] 

Microcrystalline 

cellulose 

[MCC] powder 

Oleic acid Solvent 

free system 

TsCl/BmimOAc – – [39] 

Pineapple Leaf Stearic acid Methanol Pyridine/p–

toluenesulfonyl 

clorua 

Crude oil 

(100 ppm) 

0.108 ± 

0.004 g/g 

[93] 

 Lauric acid Methanol Pyridine/p–

toluenesulfonyl 

clorua 

Crude oil 

(100 ppm) 

0.138 ± 

0.002 g/g 

[93] 

Sago bark Stearic acid Ethyl 

acetate 

CaO Used 

engine oil 

2.14–

2.30 g/g 

[96] 

Sawdust Oleic acid n–hexane H2SO4 Crude oil 6.40 [12] 

 Stearic acid n–hexane H2SO4 Crude oil 5.23 [12] 

 Decanoic acid n–hexane H2SO4 Crude oil 4.23 [12] 

Sugarcane 

bagasse 

N–

bromosuccinimide 

used as a catalyst 

in the acetylation 

reaction with 

acetic anhydride 

Solvent 

free system 

N–

bromosuccinimide 

(NBS) 1% (v/v) 

Machine 

oil 

20.2 g/g [91] 

 Esterification with 

stearic acid 

  Engine oil 1.3 – 3.2 

g/g 

[61] 

Grapefruit peel Stearic acid n–hexane H2SO4 Diesel oil 

Lubricating 

oil 

10.93 g/g 

10.53 g/g 

[92] 

 Oleic acid n–hexane H2SO4 Diesel oil 

Lubricating 

oil 

11.39 g/g 

13.35 g/g 

[92] 

According to studies by [65, 90], oleic acid, which has a long carbon chain and is 

hydrophobic, is considered the most suitable agent for cellulose esterification. It has 

advantages such as flexibility, a wide thermal range, low melting point, easy processing, 

renewability, and does not produce harmful by–products. Fatty acids with longer carbon 

chains have better oil absorption capacity. Table 4 shows that [12] found that sawdust 

modified with oleic acid (6.40 g/g) had higher crude oil absorption capacity than that treated 

with stearic acid (5.23 g/g) or decanoic acid (4.23 g/g). Similarly, grapefruit peel modified 

with oleic acid had better absorption capacity for diesel and lubricating oils than that treated 

with stearic acid [92]. The higher solubility of oleic acid in n–hexane than stearic acid can be 

a possible explanation for these results. Pineapple leaves modified with stearic acid showed 

higher oil absorption capacity than lauric acid, which has a shorter carbon chain [93]. In 

summary, the oil absorption capacity of cellulose modified with fatty acids can be ranked as 

follows: oleic acid > stearic acid > lauric acid > decanoic acid. 

In esterification reactions, powerful acids are typically used as catalysts, with 

concentrated sulfuric acid being the most used [86, 92]. Other catalysts used include TsCl 

[96], CaO [96], and N–bromosuccinimide (NBS) 1% (v/v) [94]. The solvent plays a crucial 

role in dissolving and transforming fatty acids into absorbent materials during esterification 

reactions. Some of the catalyst/solvent systems used include sulfuric acid/n–hexane [29, 86, 

92], TsCl/ethanol [95], CaO/ethyl acetate [96], and N–bromosuccinimide (NBS) 1% 

(v/v)/DMaC/LiCl [94].  
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Once the dry adsorbent has undergone pre–treatment, the esterification process can take 

place. For example, esterifying the –OH group of sawdust with a fatty acid, such as oleic 

acid, stearic acid, or decanoic acid, or with vegetable oil, such as castor oil or mustard oil. To 

carry out this process, 1 gram of dry sawdust is mixed with 0.2 grams of the fatty acid or 0.5 

grams of vegetable oil in 100 mL of n–hexane, which contains a drop of concentrated H2SO4 

as a catalyst. The mixture is then refluxed in a Dean–Stark system at a temperature of 65 ± 

2oC for 6 hours. After the reaction has occurred, the product is washed with n–hexane 

multiple times, dried in an oven at 80oC for 24 hours, and then stored for later use. According 

to equation [1,12], this process will result in the desired reaction. 

 
The process of esterification can be integrated with the carbonization process. Example 

carbonizing ogbono shell at 600oC for 4 hours [97], coconut husk at 800oC for 6 hours [86], 

and rice husk and sawdust at 600oC for 8 hours, followed by esterification with stearic acid 

[98].  

Moreover, the esterification process can be accomplished by initially modifying the 

material with oleic acid, followed by a second modification using leaving group chemistry 

with a different fatty acid. This process entails replacing the surface hydroxyl group with a 

p–toluenesulfonyl group, and then covalently bonding a fatty acid on the sawdust surface 

through high–temperature (55oC) esterification process (Figure 2). 

 

Figure 2. An illustration depicting the hydrophobic modification of cellulose networks in sawdust [99]. 

Shin prepared a reaction mixture containing p–TsCl and sawdust in pyridine, and added 

oleic acid while stirring for 6–10 hours at 55–58oC. The resulting material was purified by 

Soxhlet extraction and vacuum–dried, then modified with different fatty acids at 55oC for 8 

hours. Two basic materials (pine/OA–106 and pine/OA–124) were used in the study [99]. 

b) Other grafting reactions 

In the study of [38], they altered cotton fibers by attaching alkyl groups to them. 

Specifically, the cotton fibers were grafted with silyl ether substituents through solvent–free 

silylation reactions, replacing dialkyl groups. This conversion transformed the hydroxyl 

groups on the surface of the cotton into hydrophobic alkylsilyl ether chains. The resulting oil 

sorption capacity was about 18 g g/g, which was 5 times greater than that of unmodified 

cotton fibers [38]. In a similar vein, [100], the hydrophobicity of cellulose fibers was 

increased by grafting them with epoxidized soybean oil through an open–ring polymerization 

reaction. The modified cellulose film that contained nano ESO polymer particles 

demonstrated increased smoothness and improved water repellency properties [100]. 

Meanwhile, [40] utilized corn stalk pith to create a biosorbent with excellent oil sorption and 

water–repelling properties. They modified the biosorbent by attaching octadecylamine to its 

structure through a laccase/TEMPO–mediated Schiff–Base reaction (Figure 3). This method 

 

SD-OH + C17H33-COOH ⇔ Cell-OCOC17H33                          (1)                                       

H2O 

H+ 
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resulted in an increase in oil adsorption capacity from 13.24 g/g to 44.25 g/g, accompanied 

by a decrease in water adsorption capacity from 15.52 g/g to 2.76 g/g. 

 

Figure 3. The diagrammatic representation of the steps involved in the surface modification of corn 

stalk pith [40]. 

3.2.4. Other chemical modification methods 

a) Acidification 

 Acid treatment is a common form of wet oxidation process used for chemical 

modification [101]. Typically, acid treatment is used as a preliminary reaction to adjust the 

processed adsorbent [102], and it involves the use of inorganic acids and other oxidizing 

agents. The primary goal of acid treatment is to eliminate wax content, increase cellulose 

hydroxyl groups, and prevent exposure on the surface of the adsorbent [56]. Several 

chemicals can be used for acid treatment, including dodecylbenzene sulfonic acid [14], and 

H2SO4 [103], which is popularly used to remove wax content and increase the corresponding 

cellulose hydroxyl groups. Acid treatment has been shown to affect the surface area, surface 

charge, oil and water affinity, oxygen functional group content, and pore volume, which 

make it useful for adsorption in wastewater treatment [101]. 

In study of [4], sawdust was treated with a solution of 0.5 wt.% NaOH and 30% H2O2 

for 13 hours at room temperature. The pH was then adjusted to 6.5–7.5 by adding drops of 6 

mol/L HCl. Acid hydrolysis was employed to decrease the total amount of hydroxyl (–OH) 

groups in the sawdust, indicating a successful reduction of the alcohol content. On the other 

hand, [103] performed acid hydrolysis on wheat straw using a 0.045 N H2SO4 catalyst with 

a liquid: solid ratio of 20:l at temperatures ranging from 160–220oC for 0–50 minutes. The 

process was conducted in a heated reactor with continuous stirring. 

b) Aerogel modification 

Aerogel is a highly porous solid material with a porosity of up to 99% and a large surface 

area of over 100 m2/g that is well–suited for absorbing oil spills. It can be produced from 

either inorganic or bio–based materials [104]. Using cellulose as a raw material for aerogel 
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production has several advantages over chemically sourced aerogels, including 

biodegradability and lower cost. Recently, [105] developed cellulose–based aerogels with 

high porosity and low density by using Eichhornia crassipes as the cellulose source and 

polyvinyl alcohol as the crosslinking agent. These aerogels had oil/solvent uptake capacity 

ranging from 60.33 to 152.21 g/g, superhydrophobicity (water contact angle of 156.7o), and 

reusability up to 16 times. Sugarcane bagasse aerogels were also produced by using polyvinyl 

alcohol as the binder and freeze–drying at –70oC. These aerogels had a very low density 

(0.016–0.112 g/cm3), high porosity (91.9–98.9%), and low thermal conductivity. They were 

superhydrophobic and had a high oil absorption capacity after being coated with 

methyltrimethoxysilane [106]. Pyrolyzed twisted carbon fiber aerogels developed by [107] 

showed exceptional oil uptake capacity up to 192 times their own weight and could be reused 

multiple times without a reduction in absorption capacity. 

Nanocellulose–based aerogels are highly porous, lightweight materials that have 

excellent absorption capacity [108]. Nanocellulose is composed of cellulose nanofibers, 

nanocrystals, and nanoparticles, which can be isolated using various techniques [109]. The 

properties of nanocellulose depend on the isolation technique, precursor material, and surface 

modifications [110]. Researchers often modify the surface of nanocellulose to enhance its 

properties [111]. In one study, researchers developed aerogels using modified nano–

crystalline cellulose (CNC) with 3–triethoxysilyl propyl isocyanate (TEPIC) for oil 

absorption. The aerogels had a porous structure, low density, small pore diameter, and high 

specific surface area. All TEPIC–modified CNC aerogels exhibited hydrophobicity, with a 

water contact angle greater than 130o. The sample modified with 3% TEPIC had the highest 

absorption capacity for motor oil at 130 ± 7.22 g/g [112]. Another study created a 

hydrophobic/hydrophilic nanostructured aerogel absorbent by functionalizing cellulose 

fibers with low surface energy moieties, dissolving and cross–linking the product in an 

organic solvent, and freeze–drying it. The resulting aerogel had a high oil absorption 

capacity, comparable to most synthetic oil sorbents [113]. The aerogels had ultralow density, 

high porosity, and extremely good absorption capabilities for numerous oils and solvents, 

with selectivity in absorbing marine diesel oil. They were much more effective than 

commercial absorbent materials and maintained a high absorption capacity for at least 30 

cycles, indicating their potential for remediation of oil and chemical spills [114]. A recent 

study on modification of cellulose and nanocellulose–based aerogels for oil treatment is 

presented in Table 5. 

Table 5. The synthesis of the oil adsorption results of some nanocellulose–based aerogel modifications. 

Aerogel 

composites 

Preparation 

Method 
Density 

Poros

ity 
Cycle 

Water 

Contact 

Angle 

Absorption 

Capacity 
Ref. 

Cellulose–based 

aerogels from 

waste biomass 

(Eichhornia 

crassipes) 

Freeze–drying and 

crosslinking 

6.5 

mg/cm3 

99.56 

% 

16 156.7o 60.33 – 

152.21 g/g 

[105] 

Sugarcane 

bagasse aerogels 

Freeze–drying at –

70 oC 

16 – 112 

mg/cm3 

91.9–

98.9 

% 

– 142.2 – 

150.05o 

25 g/g (Crude 

oil) 

[106] 

Cellulose 

nanofiber (CNF) 

Freeze drying and 

modified via 

chemical vapor 

deposition (CVD) of 

hexadecyltrimethox

ylan (HDTMS) 

11 – 

17.5 

mg/cm3 

 

98.8 – 

99.3 

% 

– > 90o 78.8 g/g 

(Motor oil) 

[115] 

Macroporous 

cellulose aerogel 

via dissolving–

Sol–gel and freeze–

drying techniques 

– – 80 

cycles 

154o ~ 25 g/g 

(Diesel oil) 

[116] 
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Aerogel 

composites 

Preparation 

Method 
Density 

Poros

ity 
Cycle 

Water 

Contact 

Angle 

Absorption 

Capacity 
Ref. 

regenerating raw 

cotton fiber 

Hybrid coffee–

cellulose 

aerogels from 

spent coffee 

grounds 

Freeze drying and 

surface modification 

45.8 – 

79.7 

mg/cm3 

92.1 – 

95.5 

% 

– 124.7 – 

139.1o 

16 g/g 

(Motor oil) 

[117] 

Nano–crystalline 

cellulose (CNC) 

 – – – > 130o 130 ± 7.22 

g/g (Motor 

oil) 

[112] 

Cotton cellulose–

based aerogel 

Dissolution, cross–

linking and freeze–

drying 

– – – 134.7 – 

138.7o 

 

40.7 g/g 

(Crude oil –

Balal field 

oil) 

[113] 

      57.0 g/g 

(Crude oil –

Soroush field 

oil) 

 

      47.3 g/g 

(Crude oil –

Azadegan 

field oil) 

 

Waste cellulose 

fibers (Recycled 

box board and 

recycled milk–

container board) 

Freeze–drying 2.9 

mg/cm3 

99.81 

% 

Adsorp

ticapac

ity 

about 

71.4 – 

81.0 % 

after 

30 

cycles 

159.0o 42.9 g/g 

(Marine 

diesel oil) 

[114] 

Wool waste fiber 

aerogel 

Direct freeze–

drying 

4 – 23 

mg/cm3 

97.73 

– 

99.63 

% 

 138.0o 136.2 g/g [118] 

Kapok/microfibri

llated cellulose 

(MFC) aerogels 

Simple vacuum 

freeze–drying and 

surface modification 

5.1 

mg/cm3 

99.58 

% 

– 140.1o 104 – 190.1 

g/g 

[119] 

Kapok/microfibri

llated cellulose 

(MFC) aerogels 

Hydrophobic 

modification and 

freeze–drying 

4.9 

mg/cm3 

– – 147.6o 141.9 g/g 

[Crude oil] 

[120] 

Natural cellulose 

aerogel from rice 

straw 

Freeze–drying 2.2 – 24 

mg/cm3 

98.4 – 

99.8 

% 

– 151 ± 7o 170.0 g/g 

[Crude oil] 

[121] 

Table 5 displays various cellulose or nanocellulose–based aerogel absorbents derived 

from natural materials like sugarcane bagasse, cotton fiber, coffee grounds, kapok fiber, and 

rice straw. Aerogels are modified using techniques like freeze–drying, cross–linking, sol–

gel, surface modification, and hydrophobic modification. The aerogels typically have low 

densities, ranging from 2.2 to 79.7 mg/cm3, with some examples including natural cellulose 

aerogel from rice straw (2.2 mg/m3) [121], waste cellulose fibers from recycled box board 

and recycled milk–container board (2.9 mg/cm3) [114], cellulose–based aerogels from waste 

biomass (Eichhornia crassipes) (6.5 mg/cm3) [105], and kapok/microfibrillated cellulose 

(MFC) aerogels (4.9–5.1 mg/cm3) [119−120]. The porosity of modified aerogels ranges from 

91.9–99.81 %, with some of the highest porosity aerogels listed as cellulose–based aerogels 

from waste biomass (Eichhornia crassipes) (99.56%) [105], cellulose nanofiber (CNF) (99.3 

%) [115], wool waste fiber aerogel (99.63%) [118] and natural cellulose aerogel from rice 

straw (99.8 %) [121]. Additionally, modified aerogels have high water repellency, with water 

contact angles ranging from 130o to 159o, and excellent oil absorption capabilities, with the 
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highest oil absorption capacity up to 170.0 g/g [121] and the average absorption capacity of 

aerogels listed in Table 5 being about 76.8–80.5 g/g. 

c) Cationic surfactant 

The natural materials are treated with surfactants to remove oil from water, such as wheat 

straw [123] and barley straw [122]. The addition of cationic surfactants results in an attraction 

between the surfactant and the positively charged adsorption sites on the adsorbent’s surface 

[124]. One such surfactant, hexadecylpyridinium chloride monohydrate (CPC), has a 16–

carbon chain tail attached to a pyridine head group with a permanent +1 charge. Barley straw 

was treated with sodium hydroxide solution to enhance the formation of carboxyl groups 

responsible for binding activities before being modified with CPC to enhance its oil 

adsorption capacity [125]. The Langmuir isotherm showed that the maximum adsorption 

capacity for standard mineral oil at 25°C was 584.2 mg/g. Desorption experiments in aqueous 

solution demonstrated that the adsorbent had a strong oil binding affinity, with only 1–2% 

desorption in 24 hours [122].  

3.3. Bioremediation 

The immobilization of microorganisms is a commonly used and effective method for 

biological treatment [126−127] due to its many advantages, including its low cost, simplicity, 

and minimal effect on microbial activity [128−129]. Compared to free–floating bacteria, 

immobilized bacteria can avoid unfavorable conditions in the environment, such as predators, 

native microorganisms, and toxic compounds [130]. Moreover, in an open water system, 

immobilization also helps to prevent the loss of bacteria due to being washed away [131]. 

In study of [41], they immobilized bacterial cells from the Vibrio and Acinetobacter 

genera on cotton fiber surfaces. Both immobilized and planktonic bacteria exhibited a 

degradation ability of over 60% for saturated hydrocarbons in crude oil, over a pH range of 

5.6 to 8.6 and a NaCl concentration of up to 70 g/L. The degradation efficiency of 

immobilized bacterial cells was found to be approximately 30% higher than that of the 

planktonic cells. The effectiveness of the MPD–M bacterial group immobilized on 

polypropylene fibers in treating crude oil at different salinity levels was also demonstrated 

by [132]. In an experiment of [133], corn stalk pads were supplemented with different 

amounts of bacteria (1, 3, and 5 mL) and exposed to crude oil for 4 hours at 25 ± 1oC, resulting 

in higher oil adsorption efficiency compared to a control sample without bacteria. The 

chemical properties of the hydrocarbon compounds, environmental conditions, and bacterial 

species influence the biodegradation of oil components, while oxygen molecules are essential 

for the process. In addition, [134] suggests that providing fertilization with nitrogen and 

organic phosphorus can significantly boost the growth of hydrocarbon–degrading bacteria. 

Fertilization with nitrogen and organic phosphorus can significantly enhance the growth of 

hydrocarbon–degrading bacteria. Pseudomonas, Achromobacter, Arthrobacter, 

Micrococcus, Nocardia, Vibrio, Acinetobacter, Brevibacterium, Corynebacterium, 

Flavobacterium, Candida, Rhodotorula, and Sporobolomyces are among the important 

bacterial communities involved in crude oil biodegradation in marine environments [135]. 

Additionally, it is possible to modify an oil sorbent material by treating it with cellulase 

solution. To create an oil sorbent material from corn stalk, the raw material is treated in 

cellulase solution at various temperatures (40 – 60oC) and enzyme loadings (50–200 U/g) for 

6 hours. This treatment method reduces the amount of hydrophilic cellulose in the corn stalk 

and increases its specific surface area. Compared to chemical methods, using cellulase to 

modify corn stalk is more effective, uses fewer hazardous chemicals, and has the potential to 

replace non–biodegradable oil sorbents. In systems with only oil, the cellulase–treated corn 

stalk has sorption capacities of 18.47 g/g for vegetable oil, 16.15 g/g for diesel oil, and 27.23 

g/g for crude oil. In systems with crude oil and water, the sorption capacity is 24.98 g/g [21]. 
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The advantages, disadvantages, and limitations of 03 methods in the article are 

summarized in Table 6. 

Table 6. The advantages, disadvantages, and limitations of 03 methods in the article: Chemical 

modification method, Physical modification methods and Bioremediation. 

Method Advantages Disadvantages and limitations 

Chemical 

modification 

method 

– High modification efficiency 
– May require toxic or hazardous reagents that 

can cause environmental problems 

– Chemical modification can alter 

surface properties 

– Limited stability in harsh environments, 

making it difficult to use for long–term 

remediation 

– Can modify a wide range of 

materials 
– Expensive and time–consuming 

Physical 

modification 

methods 

– Simple and cost–effective 
– Limited effectiveness for removing complex 

pollutants 

– Can use natural or recycled 

materials 

– Modification process may be slow and 

require long–term maintenance 

– Can modify the physical and 

chemical properties of adsorbents 

– Limited modification capacity for some 

materials 

Bioremediation 

– Can use natural, eco–friendly 

methods 

– May require specialized expertise and 

equipment 

– Can be used for in situ 

remediation 

– Limited effectiveness for removing persistent 

pollutants 

– Can potentially degrade 

pollutants into harmless byproducts 

– May take a long time to achieve desired 

results 

4. Conclusions 

4.1. Conclusions 

Lignocellulosic biomass is attracting the attention of researchers because it is a 

renewable and environmentally friendly natural source. However, the natural material has 

limitations such as buoyancy and hydrophilic properties due to the existence of hydroxyl 

groups on the material surface, which can affect its effectiveness and oil absorption in water 

environment. Substituting hydroxyl groups through chemical reactions can make the water 

affinity surface of cellulose more hydrophobic. This study presented different methods to 

enhance the hydrophobic and buoyancy properties of materials, including (1) Physical 

transformation methods such as mechanical crushing or pressing, heat treatment, and the 

plasma technique; (2) Chemical modification methods such as mercerization, acetylation, 

grafting, acidification, aerogel modification, cationic surfactant; and (3) Bioremediation 

(immobilization of microorganisms). Each method has its own advantages and 

disadvantages, and selecting the appropriate modifying agent requires considering the 

characteristics of pollutants and the modification process conditions. Physical and chemical 

methods are often considered as pre–treatment methods to enhance the potential of functional 

groups and increase the cellulose content. However, direct chemical modification methods 

using acetylation or esterification have some drawbacks, including residual odor, material 

durability loss, cellulose degradation, and environmental harm. Meanwhile, cellulose–based 

aerogels have high oil absorption capacity that can be up to 170.0 g/g, superhydrophobicity, 

and potential for reuse more than 80 times. Using cellulase or immobilized microorganisms 

can also reduce the use of harmful chemicals and replace non–biodegradable oil absorbents. 
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Some naturally derived adsorbent materials also have high adsorption capacity, but they are 

not readily available in Vietnam, such as Calotropis procera fiber, Kapok fiber, and Silkworm 

cocoon waste. 

4.2. Recommendation for future work  

Experimental research in the laboratory will focus on modifying materials from 

agricultural waste that have not undergone high–level transformation using aerogel and 

bioremediation methods. The final adsorbent product will be in the form of compressed 

pellets or freeze–dried aerogel to be suitable for practical conditions. 

Author contribution statement: Defining and developing the research idea and research 

framework: T.V.N.; Collecting data and literature, data analysis and synthesis: T.T.N., 

N.D.L.; Drafting the manuscript: T.T.N.; Manuscript editing and revision: T.V.N. 

Acknowledgements: We would like to express our sincere gratitude to HUTECH University 

for their support in our scientific research project, as well as to Ho Chi Minh City University 

of Food Industry for providing us with an excellent education and training as a research 

student here. Finally, we would like to thank the AKIHIKO IKAI Family Scholarship Fund 

for providing us with financial support to carry out this project. 

Competing interest statement: The authors declare that this article was the work of the 

authors, has not been published elsewhere, has not been copied from previous research; there 

was no conflict of interest within the author group. 

References 

1. Kolokoussis, P.; Karathanassi, V. Oil spill detection and mapping using sentinel 2 

imagery. J. Mar. Sci. Eng. 2018, 6(1), 1–12. doi: 10.3390/jmse6010004. 

2. Wardley–Smith, J. The control of oil pollution. Graham and Trotman Publication, 

London, UK. 1983.  

3. Zamparas, M.; Tzivras, D.; Dracopoulos, V.; Ioannides, T. Application of sorbents 

for oil spill cleanup focusing on natural–based modified materials: A review. 

Molecules. 2020, 25, 4522. doi: 10.3390/molecules25194522. 

4. Alaa El–Din, G.; Amer, A.A.; Malsh, G.; Hussein, M. Study on the use of banana 

peels for oil spill removal. Alexandria Eng. J. 2018, 57(3), 2061–2068. 

doi: 10.1016/j.aej.2017.05.020. 

5. Gheorghiu, A.D.; Torok, Z.; Ozunu, A.; Antonioni, G.; Cozzani, V. Natech risk 

analysis in the context of land use planning. Case study: Petroleum products storage 

tank farm next to a residential area. Chem. Eng. Trans. 2014, 36, 439–444. 

doi: 10.3303/CET1436074. 

6. Nurul, I.H.; Nor, A.A.W.; Norain, I.; Rozan, B. Sorption equilibrium and kinetics of 

oil from aqueous solution using banana pseudostem fibers. International Conference 

on Environment and Industrial Innovation. 2011, 12, 177–181. 

doi: 10.1016/j.jhazmat.2008.01.098. 

7. El–Nafaty, U.A.; Muhammad, I.M.; Abdulsalam, S. Biosorption and kinetics studies 

on oil removal from produced water using banana peel. Civ. Environ. Res. 2013, 3(7), 

125–136. 

8. Idris, J.; Eyu, G.D.; Mansor, A.M.; Ahmad, Z.; Chukwuekezie, C.S. A preliminary 

study of biodegradable waste as sorbent material for oil–spill cleanup. Sci. World J. 

2014, 5, 638–687.  doi: 10.1155/2014/638687. 

9. Lim, T.; Huang, X. Evaluation of kapok (Ceiba pentandra (L.) Gaertn.) as a natural 

hollow hydrophobic–oleophilic fibrous sorbent for oil spill cleanup. Chemosphere. 

2007, 66(5), 955–963. doi: 10.1016/j.chemosphere.2006.05.062. 

10. Warr, L.N.; Perdrial, J.N.; Lett, M.C.; Heinrich–Salmeron, A.; Khodja, M. Clay 

https://doi.org/10.3390/jmse6010004
https://doi.org/10.3390/molecules25194522
https://doi.org/10.1016/j.aej.2017.05.020
http://dx.doi.org/10.3303/CET1436074
http://dx.doi.org/10.1016/j.jhazmat.2008.01.098
https://doi.org/10.1155/2014/638687
https://doi.org/10.1016/j.chemosphere.2006.05.062


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           113 

 

mineral–enhanced bioremediation of marine oil pollution. Appl. Clay Sci. 2009, 

46(4), 337–345. doi: 10.1016/j.clay.2009.09.012. 

11. Gerald, D.; Herve, C.; Marie–Elisabeth, B.; Christophe, B.; Christian, V. Oil removal 

from water by selective sorption on hydrophobic cotton fibers. 1. study of sorption 

properties and comparison with other cotton fiber–based sorbents. Environ. Sci. 

Technol. 2003, 37, 1013–1015. doi: 10.1021/es020061s. 

12. Banerjee, S., Joshi, M.V., Jayaram, R.V. Treatment of oil spill by sorption technique 

using fatty acid grafted sawdust. Chemosphere 2006, 64, 1026–1031. 

doi: 10.1016/j.chemosphere.2006.01.065. 

13. Sun, X.F.; Sun, S.; Sun, J.X. Acetylation of rice straw with or without catalysts and 

its characterization as a natural sorbent in oil spill cleanup. J. Agric. Food Chem. 

2002, 50(22), 6428–6433. doi: 10.1021/jf020392o. 

14. Sayed, S.A.; Zayed, A.M. Investigation of the effectiveness of some adsorbent 

materials in oil spill clean–ups. Desalination 2006, 194(1–3), 90–100. doi: 

10.1016/S0011-9164(01)00375-7. 

15. Srinivasan, A.; Viraraghavan, T. Removal of oil by walnut shell media. Bioresour. 

Technol. 2008, 99, 8214–8220. doi: 10.1016/j.biortech.2008.03.072. 

16. Hussein, M.; Amer, A.A.; Sawsan, I.I. Oil spill sorption using carbonized pith 

bagasse. Application of carbonized pith bagasse as loose fiber. Global NEST J. 2009, 

11(4), 440–448. 

17. Ibrahim, S.; Wang, S.; Ang, H. Removal of emulsified oil from oily wastewater using 

agricultural waste barley straw. Biochem. Eng. J. 2010, 49, 78–83. doi: 

10.1016/j.bej.2009.11.013. 

18. Sathasivam, K.; Haris, M.R.H.M. Adsorption kinetics and capacity of fatty acid–

modified banana trunk fibers for oil in water. Water Air Soil Pollut. 2010, 213, 413–

423. doi: 10.1007/s11270-010-0395-z. 

19. Uzoije, A.P.; Onunkwo, A.A.; Egwuonwu, C.C. Crude oil sorption onto groundnut 

shell activated carbon: kinetic and isotherm studies research. Res. J. Environ. Earth 

Sci. 2011, 3(5), 555–563. doi: 10.13140/RG.2.2.23418.95680. 

20. Vlaev, L.; Petkov, P.; Dimitrov, A.; Genieva, S. Cleanup of water polluted with crude 

oil or diesel fuel using rice husks ash. J. Taiwan Inst. Chem. Eng. 2011, 42(6), 957–

964. doi: 10.1016/j.jtice.2011.04.004. 

21. Peng, D.; Lan, Z.; Guo, C.; Yang, C.; Dang, Z. Application of cellulase for the 

modification of corn stalk: Leading to oil sorption. Bioresour. Technol. 2013, 137, 

414–418. doi: 10.1016/j.biortech.2013.03.178. 

22. Nwadiogbu, J.O.; Ajiwe, V.I.E.; Okoye, P.A.C. Removal of crude oil from aqueous 

medium by sorption on hydrophobic corncobs: Equilibrium and kinetic studies. J. 

Taibah Univ. Sci. 2016, 10, 56–63. doi: 10.1016/j.jtusci.2015.03.014. 

23. Tontiwachwuthikul, P.; Zubaidi, I.A.; Rennie, E.; Schubert, S.; Seitz, Cassandra, M.; 

Selinger, S. Remediation of water from waste lubrication oil spill using potato peels. 

Proceedings of the 3rd International Conference on Fluid Flow, Heat and Mass 

Transfer (Ottawa, Canada). 2016, pp. 163. doi: 10.11159/ffhmt16.163. 

24. Lv, E.; Xia, W.; Tang, M.; Pu, Y. Preparation of an efficient oil–spill adsorbent based 

on wheat straw. BioRes. 2017, 12(1), 296–315. doi: 10.15376/biores.12.1.296-315. 

25. Olufemi, B.A.; Otolorin, F. Comparative adsorption of crude oil using mango 

(mangnifera indica) shell and mango shell activated carbon. Environ. Eng. Res. 2017, 

1–26. doi: 10.4491/eer.2017.011. 

26. Odoh, R.; Yebpella, G.G.; Archibong, C.S. Analysis of crude oil removal from the 

environment using activated carbon produced from rice husks. Int. Arch. App. Sci. 

Technol. 2018, 9(2), 27–35. doi: 10.15515/iaast.0976-4828.9.2.2735. 

27. Alsulaili, A.D.; Fahim, A.M. Oil removal from produced water by agriculture waste 

https://doi.org/10.1016/j.clay.2009.09.012
https://doi.org/10.1021/es020061s
https://doi.org/10.1016/j.chemosphere.2006.01.065
https://doi.org/10.1021/jf020392o
https://doi.org/10.1016/S0011-9164(01)00375-7
https://doi.org/10.1016/S0011-9164(01)00375-7
https://doi.org/10.1016/j.biortech.2008.03.072
https://doi.org/10.1016/j.bej.2009.11.013
https://doi.org/10.1016/j.bej.2009.11.013
http://dx.doi.org/10.1007/s11270-010-0395-z
http://dx.doi.org/10.13140/RG.2.2.23418.95680
https://doi.org/10.1016/j.jtice.2011.04.004
https://doi.org/10.1016/j.biortech.2013.03.178
https://doi.org/10.1016/j.jtusci.2015.03.014
http://dx.doi.org/10.11159/ffhmt16.163
http://dx.doi.org/10.15376/biores.12.1.296-315
https://doi.org/10.4491/eer.2017.011


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           114 

 

adsorbents. Int. J. Environ. Waste Manage. 2019, 25(1), 12–31. 

doi: 10.1504/IJEWM.2020.104345. 

28. Mahmoud, M.A. Oil spill cleanup by raw flax fiber: Modification effect, sorption 

isotherm, kinetics and thermodynamics. Arabian J. Chem. 2020, 13(6), 5553–5563. 

doi: 10.1016/j.arabjc.2020.02.014. 

29. Nam, T.V.; Nguyen, T.T.; Dung, D.N.; Phuong, P.T.H. Esterified durian peel 

adsorbents with stearic acid for spill removal. Chem. Eng. Trans. 2020, 78, 271–276. 

doi: 10.3303/CET2078046. 

30. Ukpong, A. Mathematical and kinetic modelling of the adsorption of crude oil spill 

using coconut coir activated carbon. J. Energy Environ. Chem. Eng. 2021, 6(1), 1–

9. doi: 10.11648/j.jeece.20210601.11. 

31. Maleki, H. Recent advances in aerogels for environmental remediation applications: 

a review. Chem. Eng. J. 2016, 300, 98–118. doi: 10.1016/j.cej.2016.04.098. 

32. Kizil, S.; Sonmez, H.B. Oil loving hydrophobic gels made from glycerol 

propoxylate: Efficient and reusable sorbents for oil spill clean–up. J. Environ. 

Manag. 2017, 196, 330–339. doi: 10.1016/j.jenvman.2017.02.016. 

33. Anuzyte, E.; Vaisis, V. Natural oil sorbents modification methods for hydrophobicity 

improvement. Energy Procedia 2018, 147, 295–300. 

doi: 10.1016/j.egypro.2018.07.095. 

34. Angelova, D.; Uzunov, I.; Uzunova, S.; Gigova, A.; Minchev, L. Kinetics of oil and 

oil products adsorption by carbonized rice husks. Chem. Eng. J. 2011, 172, 306–311. 

doi: 10.1016/j.cej.2011.05.114. 

35. Rengasamy, R.S.; Das, D.; Karan, C.P. Study of oil sorption behavior of filled and 

structured fiber assemblies made from polypropylene, kapok and milkweed fibers. J. 

Hazard. Mater. 2011, 186, 526–532. doi: 10.1016/j.jhazmat.2010.11.031. 

36. Anjos, R.B.; Hilário, L.S.; Juviniano, H.B.M.; Silva, D.R. Crude oil removal using 

Calotropis procera. BioRes. 2020, 15(3), 5246–5263. 

doi: 10.15376/biores.15.3.5246-5263. 

37. Behnood, R.; Anvaripour, B.; Fard, N.J.H.; Farasati, M. Crude oil layer sorption from 

saline water surface by raw and acetylated sugarcane bagasse. Sci. Int. (Lahore). 

2014, 26(3), 1157–1161. 

38. Jarrah, K.; Hisaindee, S.; Al–Sayah, M.H. Preparation of oil sorbents by solvent–free 

grafting of cellulose cotton fibers. Cellulose 2018, 25, 4093–4106. 

doi: 10.1007/s10570-018-1846-8. 

39. Lease, J.; Kawano, T.; Andou, Y. Esterification of cellulose with long fatty acid chain 

through mechanochemical method. Polymers 2021, 13, 4397. 

doi: 10.3390/polym13244397. 

40. Peng, D.; Li, H.; JieLia, W.; Zheng, L. Biosorbent with superhydrophobicity and 

superoleophilicity for spilled oil removal. Ecotoxicol. Environ. Saf. 2021, 209, 

111803.  doi: 10.1016/j.ecoenv.2020.111803. 

41. Lin, M.; Liu, Y.; Chen, W.; Wang, H., Hu, X. Use of bacteria–immobilized cotton 

fibers to absorb and degrade crude oil. Int. Biodeterior. Biodegrad. 2014, 88, 8–12. 

https://doi.org/10.1016/j.ibiod.2013.11.015. 

42. Stamm, A.J. Wood and cellulose. Science Ronald Press Co, New York, NY, USA. 

1964. 

43. Joseph, B.; Sagarika, V.K.; Sabu, C.; Kalarikkal, N.; Thomas, S. Cellulose 

nanocomposites: Fabrication and biomedical applications. J. Bioresour. Bioprod. 

2020, 5, 223–237. doi: 10.1016/j.jobab.2020.10.001. 

44. Wu, Q.; Henriksson, M.; Liu, X.; Berglund, L.A. Biomacromolecules 2007, 8, 3687. 

45. Aqsha, A.; Tijani, M.M.; Mahinpey, N. Catalytic pyrolysis of straw biomasses 

(wheat, flax, oat and barley straw) and the comparison of their product yields. WIT 

https://doi.org/10.1504/IJEWM.2020.104345
https://doi.org/10.1016/j.arabjc.2020.02.014
https://doi.org/10.3303/CET2078046
https://doi.org/10.11648/j.jeece.20210601.11
https://doi.org/10.1016/j.cej.2016.04.098
https://doi.org/10.1016/j.jenvman.2017.02.016
http://dx.doi.org/10.1016/j.egypro.2018.07.095
https://doi.org/10.1016/j.cej.2011.05.114
https://doi.org/10.1016/j.jhazmat.2010.11.031
http://dx.doi.org/10.15376/biores.15.3.5246-5263
https://link.springer.com/article/10.1007/s10570-018-1846-8
https://doi.org/10.3390/polym13244397
https://doi.org/10.1016/j.ecoenv.2020.111803
https://doi.org/10.1016/j.ibiod.2013.11.015
https://doi.org/10.1016/j.jobab.2020.10.001


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           115 

 

Trans. Ecol. Environ. 2014, 190, 1007–1015. doi: 10.2495/EQ140942. 

46. Al–Jammal, N.; Juzsakova, T. Review on the effectiveness of adsorbent materials in 

oil spills clean up. Proceeding of the 7th International Conference of ICEEE 

(Budapest, Hungary). 2016. 

47. Wang, Y.; Zheng, A. Effect of kapok fiber treated with various solvents on oil 

absorbency. Ind. Crops Prod. 2012, 40, 178–184. doi: 

10.1016/j.indcrop.2012.03.002. 

48. Gupta, S.; Tai, N.H. Carbon materials as oil sorbents: a review on the synthesis and 

performance. J. Mater. Chem. 2016, 4, 1550–1565. doi: 10.1039/C5TA08321D. 

49. Asadpour, R.; Sapari, N.B.; Tuan, Z.Z.; Jusoh, H.; Riahi, A.; Orji. K.U. Application 

of sorbent materials in oil spill management: A review. Caspian J. Appl. Sci. Res. 

2013, 2(2), 46–58. 

50. Huang, X.; Lim, T.T. Performance and mechanism of a hydrophobic–oleophilic 

kapok filter for oil/water separation. Desalination 2006, 190, 295–307. doi: 

10.1016/j.desal.2005.09.009. 

51. Minh, Q.C.; Truong, T.T.; Anh, T.H.; Hieu, T.L. Oil spill cleanup by raw cellulose–

based absorbents: a green and sus–tainable approach. Energ. Source Part A. 2021, 

1–14. doi: 10.1080/15567036.2021.1928798. 

52. Tan, J.Y.; Low, S.Y.; Ban, Z.H.; Siwayanan, P. A review on oil spill clean–up using 

bio–sorbent materials with special emphasis on utilization of kenaf core fibers. 

BioResources. 2021, 16(4), 8394–8416. doi: 10.15376/biores.16.4.Tan. 

53. Bajwa, D.S.; Sitz, E.D.; Bajwa, S.G.; Barnick, A.R. Evaluation of cattail (Typha spp.) 

for manufacturing composite panel. Ind. Crops. Prod. 2015, 75, 195–199. doi: 

10.1016/j.indcrop.2015.06.029. 

54. Nordin, N.I.; Ariffin, H.; Andou, Y.; Hassan, M.A.; Shirai, Y.; Nishida, H.; Ibrahim, 

N.A. Modification of oil palm mesocarp fiber characteristics using superheated 

steam treatment. Molecules 2013, 18(8), 9132–9146. 

doi: 10.3390/molecules18089132. 

55. Tu, L.; Duan, W.; Xiao, W.; Fu, C.; Wang, A.; Zheng, Y. Calotropis gigantean fiber 

derived carbon fiber enables fast and efficient absorption of oils and organic solvents. 

Sep. Purif. Technol. 2018, 192, 30–35. doi: 10.1016/j.seppur.2017.10.005. 

56. Wahi, R.; Chuah, L.A.; Choong, T.S.Y.; Ngaini, Z.; Nourouzi, M.M. Oil removal 

from aqueous state by natural fibrous sorbent: An overview. Sep. Purif. Technol. 

2013, 113, 51–63. doi: 10.1016/j.seppur.2013.04.015. 

57. Husseien, M.; Amer, A.A.; El–maghraby, A. Experimental investigation of thermal 

modification influence on sorption qualities of barley straw. J. Appl. Sci. Res. 2008, 

4(6), 652–657. 

58. Hilário, L.S.; Anjos, R.P.D.; Juviniano, H.B.D.M.; Silva, D.R.D.S. Evaluation of 

thermally treated calotropis procera fiber for the removal of crude oil on the water 

surface. Materials. 2019, 12, 3894. doi: 10.3390/ma12233894. 

59. Khan, E.; Virojnagud, W.; Ratpukdi, T. Use of biomass sorbents for oil removal from 

gas station runoff. Chemosphere 2014, 57(7), 681–689. doi: 

10.1016/j.chemosphere.2004.06.028. 

60. Ali, N.; El–harbawi, M.; Jabal, A.A.; Yin, C. Characteristics and oil sorption 

effectiveness of kapok fibre, sugarcane bagasse and rice husks: oil removal 

suitability matrix. Environ. Technol. 2012, 33(4), 481–486. 

doi: 10.1080/09593330.2011.579185. 

61. Said, A.E.A.S.; Ludwick, A.G.; Aglan, H.A. Usefulness of raw bagasse for oil 

absorption: a comparison of raw and acylated bagasse and their components. 

Bioresour. Technol. 2009, 100(7), 2219–2222. doi: 10.1016/j.biortech.2008.09.060. 

62. Moriwaki, H.; Kitajima, S.; Kurashima, M.; Hagiwara, A.; Haraguchi, K.; Shirai, K.; 

http://dx.doi.org/10.2495/EQ140942
https://doi.org/10.1016/j.indcrop.2012.03.002
https://doi.org/10.1016/j.indcrop.2012.03.002
https://doi.org/10.1039/C5TA08321D
https://doi.org/10.1016/j.desal.2005.09.009
https://doi.org/10.1016/j.desal.2005.09.009
https://doi.org/10.1080/15567036.2021.1928798
http://dx.doi.org/10.15376/biores.16.4.Tan
https://doi.org/10.1016/j.indcrop.2015.06.029
https://doi.org/10.1016/j.indcrop.2015.06.029
https://doi.org/10.3390%2Fmolecules18089132
https://doi.org/10.1016/j.seppur.2017.10.005
https://doi.org/10.1016/j.seppur.2013.04.015
https://doi.org/10.3390/ma12233894
https://doi.org/10.1016/j.chemosphere.2004.06.028
https://doi.org/10.1016/j.chemosphere.2004.06.028
https://doi.org/10.1080/09593330.2011.579185
https://doi.org/10.1016/j.biortech.2008.09.060


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           116 

 

Kanekatsu, R.; Kiguchi, K. Utilization of silkworm cocoon waste as a sorbent for the 

removal of oil from water. J. Hazard Mater. 2009, 165, 266–270. doi: 

10.1016/j.jhazmat.2008.09.116. 

63. Santos, A.L.; Botelho, E.C.; Kostov, K.G.; Ueda, M.; G. da Silva, L.L. Carbon fiber 

surface modification by plasma treatment for interface adhesion improvements of 

aerospace composites. Adv. Mater. Res. 2016, 1135, 75–87. doi: 

10.4028/www.scientific.net/AMR.1135.75. 

64. Alekseeva, A.A.; Stepanova, S.V. Effect of plasma surface modification of mixed 

leaf litter on the mechanism of oil film removal from water bodies. Russ. J. Gen. 

Chem. 2019, 89, 2763–2768. doi: 10.1134/S107036321913005X. 

65. Tursi, A.; Vietro, N.D.; Beneduci, A.; Milella, A.; Chidichimo, F.; Fracassi, F.; 

Chidichimo, G. Low pressure plasma functionalized cellulose fiber for the 

remediation of petroleum hydrocarbons polluted water. J. Hazard. Mater. 2019, 

373(5), 773–782. doi: 10.1016/j.jhazmat.2019.04.022. 

66. Mohd Edeerozey, A.M.; Akil, H.M.; Azhar, A.B.; Zainal, A.M.I. Chemical 

modification of kenaf fibers. Materials Letters. 2007, 61(10), 2023–2025. 

https://doi.org/10.1016/j.matlet.2006.08.006. 

67. Kalia, S.; Thakur, K.; Celli, A.; Kiechel, M.A.; Schauer, C.L. Surface modification 

of plant fibers using environment friendly methods for their application in polymer 

composites, textile industry and antimicrobial activities: A review. J. Environ. Chem. 

Eng. 2013, 1, 97–112. doi: 10.1016/j.jece.2013.04.009. 

68. Hokkanen, S.; Bhatnagar, A.; Sillanpaa, M. A review on modification methods to 

cellulose–based adsorbents to improve adsorption capacity. Water Res. 2016, 91, 

156–173. doi: 10.1016/j.watres.2016.01.008. 

69. Kabir, M.M.; Wang, H.; Lau, K.T.; Cardona, F. Chemical treatments on plant–based 

natural fibre reinforced polymer composites: An overview. Composites 2012, 43, 

2883–2892. doi: 10.1016/j.compositesb.2012.04.053. 

70. Bledzki, A.K.; Gassan, J. Composites reinforced with cellulose based fibres. Prog. 

Polym. Sci. 1999, 24, 221–274. 

71. Kamel, S., El–Sakhawy, M. Using of agriculture residue in removing of oil spill. 

Trade Science Inc. 2011, 5(2), 64–70. 

72. Li, X.; Tabil, L.G.; Panigrahi, S. Chemical treatments of natural fiber for use in 

natural fiber–reinforced composites: a review. J. Polym. Environ. 2007, 15, 25–33. 

doi: 10.1007/s10924-006-0042-3. 

73. Hasim, M.Y.; Roslan, M.N.; Amin, A.M.; Ahmad, Z.A.M.; Ariffin, S. Mercerization 

treatment parameter effect on natural fiber reinforced polymer matrix composite: A 

brief review. WASET. 2012, 6(8), 784–790. 

74. Ramadevi, P.; Sampathkumar, D.; Srinivasa, C.V.; Bennehalli, B. Effect of alkali 

treatment on water absorption of single cellulosic abaca fiber. BioResources 2012, 

7(3), 3515–3524. 

75. Abdullah, M.; Muhamad, S.H.A.; Sanusi, S.N.; Jamaludin, S.I.S.J.; Mohamad, N.F.; 

Rusli, M.A.H.R. Preliminary study of oil removal using hybrid peel waste: musa 

balbisiana and citrus sinensis. Appl. Environ. Biol. Sci. 2016, 6(8S), 59–63. 

76. Wong, C.; McGowan, T.; Bajwa, S.G.; Bajwa, D.S. Impact of fiber treatment on the 

oil absorption characteristics of plant fibers. BioResources 2016, 11(3), 6452–6463. 

doi: 10.15376/biores.11.3.6452–6463. 

77. Bazargan, A.; Tan, J.; Hui, C.W.; McKay, G. Utilization of rice husks for the 

production of oil sorbent materials. Cellulose 2014, 21, 1679–1688. doi: 

10.1007/s10570-014-0203-9. 

78. Chen, J.; Xu, J.; Wang, K.; Cao, X.; Sun, R. Cellulose acetate fibers prepared from 

different raw materials with rapid synthesis method. Carbohydr. Polym. 2016, 137, 

https://doi.org/10.1016/j.jhazmat.2008.09.116
https://doi.org/10.1016/j.jhazmat.2008.09.116
https://doi.org/10.4028/www.scientific.net/AMR.1135.75
https://doi.org/10.4028/www.scientific.net/AMR.1135.75
https://doi.org/10.1016/j.jhazmat.2019.04.022
https://doi.org/10.1016/j.matlet.2006.08.006
https://doi.org/10.1016/j.jece.2013.04.009
https://doi.org/10.1016/j.watres.2016.01.008
https://doi.org/10.1016/j.compositesb.2012.04.053
http://dx.doi.org/10.1007/s10924-006-0042-3
http://dx.doi.org/10.15376/biores.11.3.6452-6463
http://dx.doi.org/10.1007/s10570-014-0203-9


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           117 

 

685–692. doi: 10.1016/j.carbpol.2015.11.034. 

79. Nwabueze, H.O.; Chiaha, P.N.; Ezekannagha, B.C.; Okoani, O.E. Acetylation of 

corn cobs using iodine catalyst, for oil spills remediation. IJES 2016, 5(9), 53–59. 

80. Onwuka, J.C.; Agbaji, E.B.; Ajibola, V.O.; Okibe, F.G. Treatment of crude oil 

contaminated water with chemically modified natural fiber. Appl. Water Sci. 2018, 

8(3), 86. doi: 10.1007/s13201-018-0727-5. 

81. Asadpour, R.; Sapari, N.B.; Isa, M.H.; Kakooei, S.; Orji, K.U. Acetylation of corn 

silk and its application for oil sorption. Fibers Polym. 2015, 16(9), 1830–1835. doi: 

10.1007/s12221-015-4745-8. 

82. Rotar, O.V.; Iskrizhitskaya, D.V.; Iskrizhitsky, A.A.; Oreshina, A.А. Cleanup of 

water surface from oil spills using natural sorbent materials. Procedia Chem. 2014, 

10, 145–150. doi: 10.1016/j.proche.2014.10.025. 

83. Thompson, N.E.; Emmanuel, G.C.; Adagadzu, K.J.; Yusuf, N.B. Sorption studies of 

crude oil on acetylated rice husks. Arch. Appl. Sci. Res. 2010, 2(5),142–151. 

84. Sun, X.F.; Sun, R.C.; Sun, J.X. A convenient acetylation of sugarcane bagasse using 

NBS as a catalyst for the preparation of oil sorption–active materials. J. Mater. Sci. 

2003, 38, 3915–3923. doi: 10.1023/A:1026189911651. 

85. Heinze, T.; Liebert, T.; Koschella, A. Esterification of polysaccharides. J. Am. Chem. 

Soc. 2006, 129(7), 2195–2196. doi: 10.1021/ja069801d. 

86. Asadu, C.O.; Anthony, E.C.; Elijah, O.C.; Ike, I.S.; Onoghwarite, O.E.; Okwudili, 

U.E. Development of an adsorbent for the remediation of crude oil polluted water 

using stearic acid grafted coconut husk (Cocos nucifera) composite. Appl. Surf. Sci. 

Adv. 2021, 6, 100179. doi: 10.1016/j.apsadv.2021.100179. 

87. Andou, Y.; Lee, H.S.; Kim, D.; Nagasawa, N.; Nishida, H.; Shirai, Y. Enhancement 

of compatibility based on vapor–phase–assisted surface polymerization (VASP) 

method for polymer composites with agricultural wastes. Compos. Interfaces. 2014, 

9, 773–785. doi: 10.1080/15685543.2014.960318. 

88. Jebrane, M.; Terziev, N.; Heinmaa, I. Biobased and sustainable alternative route to 

long–chain cellulose esters. Biomacromolecules 2017, 18, 498–504. doi: 

10.1021/acs.biomac.6b01584. 

89. Kakuchi, R.; Ito, R.; Nomura, S.; Abroshan, H.; Ninomiya, K.; Ikai, T.; Maeda, K.; 

Kim, H.J.; Takahashi, K. A mechanistic insight into the organocatalytic properties of 

imidazolium–based ionic liquids and a positive co–solvent effect on cellulose 

modification reactions in an ionic liquid. RCS Adv. 2017, 7, 9423–9430. doi: 

10.1039/C6RA28659C. 

90. Huang, L.; Wu, Q.; Wang, Q.; Wolcott, M. One–step activation and surface fatty 

acylation of cellulose fibers in a solvent–free condition. ACS Sustainable Chem. Eng. 

2019, 7(19), 15920–15927. doi: 10.1021/acssuschemeng.9b01974. 

91. Sun, X.F.; Sun, R.C.; Sun, J.X. Acetylation of sugarcane bagasse using NBS as a 

catalyst under mild reaction conditions for the production of oil sorption–active 

materials. Bioresour. Technol. 2004, 95(3), 343–350. doi: 

10.1016/j.biortech.2004.02.025. 

92. Zou, J.; Liu, X.; Chai, W.; Zhang, X.; Li, B.; Wang, Y. Sorption of oil from simulated 

seawater by fatty acid–modified pomelo peel. Desalin. Water Treat. 2015, 56(4), 

939–944. doi: 10.1080/19443994.2014.941302. 

93. Cheu, S.C.; Kong, H.; Song, S.T., Saman, N., Johari, K., Mat, H. High removal 

performance of dissolved oil from aqueous solution by sorption process using fatty 

acid esterified pineapple leaf as novel sorbents. RSC Adv. 2016, 6, 13710–13722. 

doi: 10.1039/C5RA22929D. 

94. Yusof, N.A.; Mukhair, H.; Malek, E.A.; Mohammad, F. Esterified coconut coir by 

fatty acid chloride as biosorbent in oil spill removal. BioResources 2015, 10(4), 

https://doi.org/10.1016/j.carbpol.2015.11.034
http://dx.doi.org/10.1007/s13201-018-0727-5
http://dx.doi.org/10.1007/s12221-015-4745-8
https://doi.org/10.1016/j.proche.2014.10.025
http://dx.doi.org/10.1023/A:1026189911651
https://doi.org/10.1021/ja069801d
http://dx.doi.org/10.1016/j.apsadv.2021.100179
https://doi.org/10.1080/15685543.2014.960318
https://doi.org/10.1021/acs.biomac.6b01584
https://doi.org/10.1021/acs.biomac.6b01584
https://doi.org/10.1039/C6RA28659C
https://doi.org/10.1039/C6RA28659C
https://doi.org/10.1021/acssuschemeng.9b01974
https://doi.org/10.1016/j.biortech.2004.02.025
https://doi.org/10.1016/j.biortech.2004.02.025
https://doi.org/10.1080/19443994.2014.941302
http://dx.doi.org/10.1039/C5RA22929D


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           118 

 

8025–8038. doi: 10.15376/biores.10.4.8025-8038. 

95. Shin, Y.; Han, K.S.; Arey, B.W.; Bonheyo, G.T. Cotton fiber–based sorbents for 

treating crude oil spills. ACS Omega. 2020, 5, 13894–13901. doi: 

10.1021/acsomega.0c01290. 

96. Ngaini, Z.; Noh, F.; Wahi, R. Esterified sago waste for engine oil removal in aqueous 

environment. Environ. Technol. 2014, 35(21–24), 2761–2766. 

doi: 10.1080/09593330.2014.920051. 

97. Onwu, D.O.; Ogbodo, O.N.; Ogbodo, N.C.; Chime, T.O.; Udeh, B.C.; Egbuna, S.O.; 

Onoh, M.I.; Asadu, C.O. Application of esterified ogbono shell activated biomass as 

an effective adsorbent in the removal of crude oil layer from polluting water surface. 

J. Appl. Sci. Environ. Manage. 2019, 23(9), 1739–1746. 

doi: 10.4314/jasem.v23i9.20. 

98. Maxwell, O.I.; Ngozi, A.E.; Onyebuchukwu, M.G. Kinetic, isotherm and 

thermodynamics studies of the adsorption of crude oil from surface water using 

esterified rice husk and saw dust American. J. Eng. Res. 2019, 8(5), 324–336. 

99. Shin, Y.; Winder, E.M.; Han, K.S.; Lee, H.; Bonheyo, G.T. Enhanced capacities of 

mixed fatty acid–modified sawdust aggregators for remediation of crude oil spill. 

ACS Omega. 2019, 4, 412–420. doi: 10.1021/acsomega.8b02293. 

100. Huang, X.; Wang, A.; Xu, X.; Liu, H.; Shang, S. Enhancement of hydrophobic 

properties of cellulose fibers via grafting with polymeric epoxidized soybean oil. 

ACS Sustainable Chem. Eng. 2016, 5(2), 1619–1627. doi: 

10.1021/acssuschemeng.6b02359. 

101. Abegunde, S.M.; Idowu, K.S.; Adejuwon, O.M.; Adejolu, T.A. A review on the 

influence of chemical modification on the performance of adsorbents. Resour. 

Environ. Sustainability. 2020, 1, 100001. doi: 10.1016/j.resenv.2020.100001. 

102. Kamaruzaman, A.M.M.F.M.; Zulkifli, A.A.; Kamis, N.H.M.; Shahar, N.A.M. Oil 

removal using durian peel wastes: effect of adsorbent condition. Malays. J. Ind. 

Technol. 2016, 1(1), 56–61. 

103. Sidiras, D.; Konstantinou, I. A new oil spill adsorbent from sulfuric acid modified 

wheat straw. Latest Trends Environ. Manuf. Eng. 2012, 132(6), 132–137. 

104. Doshi, B.; Sillanpaa, M.; Kalliola, S. A review of bio–based materials for oil spill 

treatment. Water Res. 2018, 135, 262–277. doi: 10.1016/j.watres.2018.02.034. 

105. Yin, T.; Zhang, X.; Liu, X.; Wang, C. Resource recovery of Eichhornia crassipes as 

oil superabsorbent. Mar. Pollut. Bull. 2017, 118(1–2), 267–274. 

doi: 10.1016/j.marpolbul.2017.01.064. 

106. Thai, Q.B.; Nguyen, S.T.; Ho, D.K.; Tran, T.D.; Huynh, D.M.; Do, N.H.N.; Duong, 

H.M. Cellulose–based aerogels from sugarcane bagasse for oil spill–cleaning and 

heat insulation applications. Carbohydr. Polym. 2020, 228, 115365. doi: 

10.1016/j.carbpol.2019.115365. 

107. Bi, H.; Yin, Z.; Cao, X.; Xie, X.; Tan, C.; Huang, X.; Zhang, H. Carbon fiber aerogel 

made from raw cotton: A novel, efficient and recyclable sorbent for oils and organic 

solvents. Adv. Mater. 2013, 25(41), 5916–5921. doi: 10.1002/adma.201302435. 

108. Zhao, X.Q.; Wahid, F.; Cui, J.X.; Wang, Y.Y.; Zhong, C. Cellulose–based special 

wetting materials for oil/water separation: A review. Int. J. Biol. Macromol. 2021, 

185, 890–906. doi: 10.1016/j.ijbiomac.2021.06.167. 

109. Qiao, A.; Cui, M.; Huang, R.; Ding, G.; Qi, W.; He, Z.; Klemeš, J.J.; Su, R. 

Advances in nanocellulose–based materials as adsorbents of heavy metals and dyes. 

Carbohydr. Polym. 2021, 272, 118471. doi: 10.1016/j.carbpol.2021.118471. 

110. Thomas, B.; Raj, M.C.; Joy, J.; Moores, A.; Drisko, G.L.; Sanchez, C.  

Nanocellulose, a versatile green platform: From biosources to materials and their 

applications. Chem. Rev. 2018, 118, 11575–11625. doi: 

http://dx.doi.org/10.15376/biores.10.4.8025-8038
https://doi.org/10.1021/acsomega.0c01290
https://doi.org/10.1021/acsomega.0c01290
https://doi.org/10.1080/09593330.2014.920051
https://doi.org/10.4314/jasem.v23i9.20
https://doi.org/10.1021/acsomega.8b02293
https://doi.org/10.1021/acssuschemeng.6b02359
https://doi.org/10.1021/acssuschemeng.6b02359
https://doi.org/10.1016/j.resenv.2020.100001
https://doi.org/10.1016/j.watres.2018.02.034
https://doi.org/10.1016/j.marpolbul.2017.01.064
https://doi.org/10.1016/j.carbpol.2019.115365
https://doi.org/10.1016/j.carbpol.2019.115365
https://doi.org/10.1002/adma.201302435
https://doi.org/10.1016/j.ijbiomac.2021.06.167
https://doi.org/10.1016/j.carbpol.2021.118471
https://doi.org/10.1021/acs.chemrev.7b00627


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           119 

 

10.1021/acs.chemrev.7b00627. 

111. Chen, Y.; Zhang, L.; Yang, Y.; Pang, B.; Xu, W.; Duan, G.; Jiang, S.; Zhang, K. 

Recent progress on nanocellulose aerogels: Preparation, modification, composite 

fabrication, applications. Adv. Mater. 2021, 33, 2005569. 

doi: 10.1002/adma.202005569. 

112. Jonoobi, M.; Mekonnen, T.H. Adsorption of oil by 3–(triethoxysilyl) propyl 

isocyanate–modified cellulose nanocrystals. Processes. 2022, 10(10), 2154. doi: 

10.3390/pr10102154. 

113. Bidgolia, H.; Mortazavia, Y.; Khodadadi, A.A. A functionalized nano–structured 

cellulosic sorbent aerogel for oil spill cleanup: synthesis and characterization. J. 

Hazard. Mater. 2019, 366, 229–239. doi: 10.1016/j.jhazmat.2018.11.084. 

114. Laitinen, O.; Suopajärvi, T.; Österberg, M.; Liimatainen, H. Hydrophobic, 

superabsorbing aerogels from choline chloride–based deep eutectic solvent 

pretreated and silylated cellulose nanofibrils for selective oil removal. ACS Appl. 

Mater. Interfaces. 2017, 9(29), 25029–25037. doi: 10.1021/acsami.7b06304. 

115. Fatemeh, R., Maleksadat, H., Mehdi, J., Qingliang, Y. Development of hydrophobic 

nanocellulose–based aerogel via chemical vapor deposition for oil separation for 

water treatment. Cellulose. 2018, 25(8), 4695–4710. doi: 10.1007/s10570-018-1867-

3. 

116. Wang, J.; Liu, S. Remodeling of raw cotton fiber into flexible, squeezing–resistant 

macroporous cellulose aerogel with high oil retention capability for oil/water 

separation. Sep. Purif. Technol. 2019, 211, 303–310. doi: 

10.1016/j.seppur.2019.03.097. 

117. Zhang, X.; Kwek, L.P.; Duyen, K.L.; Tan, M.S.; Duong, H.M. Fabrication and 

properties of hybrid coffee–cellulose aerogels from spent coffee grounds. Polymers 

2019, 11, 1942. doi: 10.3390/polym11121942. 

118. Loh, J.W.; Goh, X.Y.; Phuc, T.T.N.; Quoc, B.T.; Ong, Z.Y.; Hai, M.D. Advanced 

aerogels from wool waste fibers for oil spill cleaning applications. J. Polym. Environ. 

2021, 30, 681–694. doi: 10.1007/s10924-021-02234-y. 

119. Zhang, H.; Wang, J.; Xu, G.; Xu, Y.; Wang, F.; Shen, H. Ultralight, hydrophobic, 

sustainable, cost–effective and floating kapok/microfibrillated cellulose aerogels as 

speedy and recyclable oil superabsorbents. J. Hazard. Mater. 2021, 406, 124758. 

doi: 10.1016/j.jhazmat.2020.124758. 

120. Zhang, H.; Zhang, G.; Zhu, H.; Wang, F.; Xu, G.; Shen, H.; Wang, J. Multiscale 

kapok/cellulose aerogels for oil absorption: The study on structure and oil absorption 

properties. Ind. Crops Prod. 2021, 171, 113902. doi: 

10.1016/j.indcrop.2021.113902. 

121. Dilamian, M.; Noroozi, B. Rice straw agri–waste for water pollutant adsorption: 

Relevant mesoporous super hydrophobic cellulose aerogel. Carbohydr. Polym. 2021, 

251, 117016. doi: 10.1016/j.carbpol.2020.117016.  

122. Ibrahim, S.; Ang, H.M.; Wang, S. Removal of emulsified food and mineral oils from 

wastewater using surfactant modified barley straw. Bioresour. Technol. 2009, 100, 

5744–5749. doi: 10.1016/j.biortech.2009.06.070. 

123. Fanta, G.F.; Abbott, T.P.; Burr, R.C.; Doane, W.M. Ion exchange reactions of 

quaternary ammonium halides with wheat straw. Preparation of oilabsorbents. 

Carbohydr. Polym. 1987, 7, 97–109. doi: 10.1016/0144-8617(87)90052-X. 

124. Namasivayam, C.; Sureshkumar, M.V. Removal of chromium (VI) from water and 

wastewater using surfactant modified coconut coir pith as a biosorbent. Bioresour. 

Technol. 2008, 99, 2218–2225. doi: 10.1016/j.biortech.2007.05.023. 

125. Tan, G.; Xiao, D. Adsorption of cadmium ion from aqueous solution by ground 

wheat stems. J. Hazard. Mater. 2009, 164, 1359–1363. doi: 

https://doi.org/10.1021/acs.chemrev.7b00627
https://doi.org/10.1002/adma.202005569
https://doi.org/10.3390/pr10102154
https://doi.org/10.3390/pr10102154
https://doi.org/10.1016/j.jhazmat.2018.11.084
https://doi.org/10.1021/acsami.7b06304
https://link.springer.com/article/10.1007/s10570-018-1867-3
https://link.springer.com/article/10.1007/s10570-018-1867-3
https://doi.org/10.1016/j.seppur.2019.03.097
https://doi.org/10.1016/j.seppur.2019.03.097
https://doi.org/10.3390/polym11121942
https://link.springer.com/article/10.1007/s10924-021-02234-y
https://doi.org/10.1016/j.jhazmat.2020.124758
https://doi.org/10.1016/j.indcrop.2021.113902
https://doi.org/10.1016/j.indcrop.2021.113902
https://doi.org/10.1016/j.carbpol.2020.117016
https://doi.org/10.1016/j.biortech.2009.06.070
https://doi.org/10.1016/0144-8617(87)90052-X
https://doi.org/10.1016/j.biortech.2007.05.023
https://doi.org/10.1016/j.jhazmat.2008.09.082


VN J. Hydrometeorol. 2023, 14, 96-120; doi:10.36335/VNJHM.2023(14).96-120                           120 

 

10.1016/j.jhazmat.2008.09.082. 

126. Wang, Y.; Tian, Y.; Han, B.; Zhao, H.; Bi, J.; Cai, B. Biodegradation of phenol by 

free and immobilized Acinetobacter sp. strain PD12. J. Environ. Sci. 2007, 19, 222–

225. doi: 10.1016/s1001-0742(07)60036-9. 

127. Mollaei, M.; Abdollahpoura, S.; Atashgahi, S.; Abbasi, H.; Masoomi, F.; Rad, I.; 

Lotfi, A.S.; Zahiri, H.S.; Vali, H.; Noghabi, K.A. Enhanced phenol degradation by 

Pseudomonas sp. SA01: gaining insight into the novel single and hybrid 

immobilizations. J. Hazard. Mater. 2010, 175, 284–292. doi: 

10.1016/j.jhazmat.2009.10.002. 

128. Oh, Y.S.; Maeng, J.; Kim, S.J. Use of microorganisme–immobilized polyurethane 

foams to absorb and degrade oil on water surface. Appl. Microbiol. Biotechnol. 2000, 

54, 418–423. doi: 10.1007/s002530000384. 

129. Lee, Y.C.; Shin, H.J.; Ahn, Y.; Shin, M.C.; Leed, M.; Yang, J.W. Biodegradation of 

diesel by mixed bacteria immobilized onto a hybrid support of peat moss and 

additives: a batch experiment. J. Hazard. Mater. 2010, 183, 940–944. 

doi: 10.1016/j.jhazmat.2010.07.028. 

130. Wang, Z.Y.; Xu, Y.; Wang, H.Y.; Zhao, J.; Gao, D.M.; Li, F.M.; Xing, B. 

Biodegradation of crude oil in contaminated soils by free and immobilized 

microorganisms. Pedosphere 2012, 22, 717–725. doi: 10.1016/S1002-

0160(12)60057-5. 

131. Rahman, R.N.Z.A.; Ghazali, F.M.; Salleh, A.B.; Basri, M. Biodegradation of 

hydrocarbon contamination by immobilized bacterial cells. J. Microbiol. 2006, 44, 

354–359. 

132. Díaz, M.P.; Boyd, K.G.; Grigson, S.J.; Burgess, J.G. Biodegradation of crude oil 

across a wide range of salinities by an extremely halotolerant bacterial consortium 

MPD–M, immobilized onto polypropylene fibers. Biotechnol Bioeng. 2002, 79(2), 

145–153. doi: 10.1002/bit.10318. 

133. Hussein, M.; Amer, A.A.; Zahran, H.F.; Ali, S.M.; Elgohary, M.; Nasr, M. 

Agricultural waste as a biosorbent for oil spills. Int. J. Dev. 2013, 2(1), 127–135. 

134. Atlas, R.M. Petroleum biodegradation and oil spill bioremediation. Mar. Pollut. 

Bull. 1995, 31(4–12), 178–182. doi: 10.1016/0025-326X(95)00113-2. 

135. Atlas, R.M.; Bartha R. Hydrocarbon biodegradation and oil spill bioremediation. 

Adv Microb Ecol. 1992, 287–338. doi: 10.1007/978-1-4684-7609-5_6. 

https://doi.org/10.1016/j.jhazmat.2008.09.082
https://doi.org/10.1016/s1001-0742(07)60036-9
https://doi.org/10.1016/j.jhazmat.2009.10.002
https://doi.org/10.1016/j.jhazmat.2009.10.002
https://doi.org/10.1007/s002530000384
https://doi.org/10.1016/j.jhazmat.2010.07.028
https://doi.org/10.1016/S1002-0160(12)60057-5
https://doi.org/10.1016/S1002-0160(12)60057-5
https://doi.org/10.1002/bit.10318
https://doi.org/10.1016/0025-326X(95)00113-2

