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Abstract: Oil spills and contaminated water sources are responsibf@fiuting 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 edédriendliness.In this paper, w will review methods for
modifying the oil adsorption properties of cellulose to enhance its adsorption capéeity.
have reviewed 287 relevant worldwidltbcuments in recent years and selected 142
documents for use in this study. The review results ohtimeber of documents show that
there are three main methods for transforming cellilloesed adsorbents, includid)
Physical transformation methods such as mechaaiaahing,or pressing, heat treatment,

and the plasma techniqu€) Chemical modificdion methods such as mercerization,
acetylation, grafting, acidification, aerogel modification, cationic surfactant; (@8hd
Bioremediation(immobilization of microorganismisAmong these modification methods,
cellulosé based aerogels have shown remarkablabsorption capabilities of up to 170.0

g/g, superhydrophobicitfwith a water contact angle of 156),7and the ability to be reused

up to 80 times. Cellulase denaturation and microbial immobilization ardriecally
techniques that have potential replace nonbiodegradable oil adsorbents. Furthermore,
utilizing agricultural byproducts to produce highapacity absorbent materials is a
promising solution that benefits both the economy and the environment.

Keywords: Adsorption Cellulose Modified methodsNatural adsorbent®il cleanup

1. Introduction

The worldwide deterioration of water quality and negative impact on the underwater
ecosystems caused by oil pollution resulting from oil spills and leaks during various
activities such as transportation, shipping, exploration and production, oil refining, and
disposal1]. This has led to severe health consequeie¥he majority of oil spill volumes
in water originate from oil refinery por(@5%), ships(25%), oil tankerg20%y), barge tankers
(15%), and oil rigs (15%)l'he oil spills consist of various types of oil, with crude oil being
the most common (35%), folieed by diesel oil (20%), marine oil (10%), gasoline (8%), and
the lowest is bunker oil (3%}].

There are various methods available for removing oil from water, includirsgtun
burning, chemical techniques such as solidification and dispersion, bailoggthods, and
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physical methods such as skimming and oil sorbg#its Nevertheless, oil absorbent
materials are the most favored method due to their quickbgs®hvenience, affordability

[6], and ecofriendlinesq 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 usagg¢s]. The three main categories of oil sorbent materials are inorganic mineral
produds, synthetic organic products, and natural organic prodékt$norganic products

like perlite, vermiculite, and diatomite are mostly buoyant and have low oil absorption
capacity[10], while organic polymer products such as polypropylene, polyethyserte,
polyurethane have a major drawback of being difficult to biodegfadp However,
lignocellulose sorbent materials have significant advantages over other materials, especially
in terms of their environmental friendliness and lightweight nature, makieign easily
recoverable and reusaljle”].

Natural adsorbents from agricultural waste and byproducts, incluti@gtraw[13],
sawdus{12], onion skin[14], garlic skin[14], walnut shel[15], bagass§l6], barley straw
[17], banana stem fibefs8], banana sterfiLg], peanut shell19], rice husi20], corn stalk
[21], corn co27], pomelo pee]23], wheat straw24], mango seed coft5], banana peel
[4], rice brar{26], Cha Laseedg27], flax fiber[28], durianpeel[29], and coconut coi30],
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 tosic nature.
Nevertheless, they exhibit limitations such as low adsorption capacity, limited floatability,
and hydrophilicity{31]. Researchers have reported different conversion meithditerature
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 biocompatiilitf the material 37].

To improve these properties, adsorbent materials can be modified by physical methods
mechanical33], thermal[34i 35]; chemical methodsalkaline treatmenf36], acetylation
[37], benzoylation and graftifg S 40], and biological methodg 1], which can significantly
enhance the adsorption properties of the natural base material.

This study will delve into investigating and evaluating methods to improve the oll
adsorption capability of natural organic sorbents derived from environmentally friendly plant
sources

2. Cellulosd based adsorbents

Lignocellulosic whichrefersto wood and plant materiais,a type of composite material
that consists of three different polymers, namely cellulose, hemicelluloses, and4ignin
Cellulose is made up of straight crystalline chains of glucose units that are joined together by
1,4i bi glycosidic bonds, and the lethgof 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 biocompatility [44)].

Natural organic sorbents are composed of cellulose, hemicellulose, and lignocellulose,
whichmainly composedf carbon(C), hydrogenH), oxygen(O), and nitrogeriN), as noted
by [45]. As pointed out by4€], 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 hy@rGty)
groups on thena t e rsurfack @ impede oil cleanp 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 usdubtiiga 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 aféd. An oil absorbent that is considered ideal should
exhibit high porosity and surface arehil® 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 recyclabl¢4g].

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 iniagoneous
ernvironmentg49. 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 modifiq@tch as
hydrolysis, acetylation, benzylation, grafting, and other methodsd 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 theabsorbentcan increase its oil absorption capacity by increasing the contact
surfacearea between thebsorbenaind oil. However, if thabsorbents highly compressed,
its oil absorption capacity may decrease because the oil has difficulty infiltrating the material
[17, 50.

3.12. Heat treatment

Natural adsorbemhodificationby high' temperature treatment methadsludesdrying
[35], hydrothermal treatmef$3], and pyrolysig34].

By drying, the material 6s porosity can be
area of the adsorbent andiamprovement in oil absorption capacityowever, conventional
drying methods can cause a substantial reduction in the porous structure of the natural
adsorbent, thereby decreasing its ability to adsorb and be félkedidditionally, the drying
process des not enhance the oil absorption capacity and water repellency of the organic
natural adsorbent in comparison to raw fijérg.

According to[57], hydrothermal treatment is an economical and &emdly 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 themtact with the adsorbing environment
[53]. Dried moss fibers were soakeddeionized 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 dieselalsorption capability, while treatment at 100°C showed a
6.7% increase when compared to untreated matg¢fa]s In another studyj54] utilized
superheated steam treatment to remove hemicellulose from coir fibers. The findiags of
indicated that hotvater 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 componenisaddition, the heat treatment wilicreasethe al
absorption capacity, enhancing the hydrophobicity and oil affinity of the fibeks

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 timieonsuming56]. Carbonized rice husk has been found to bepersor

natural adsorbent due to its high content afadfinity SiO. group, which enhances its oll
absorption capacity and hydrophobicity. However, the efficiency of pyrolysis depends on the
numberof natural fibers in the plant material being u$ed]. 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[®i)]. 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

Sorption
Material Method Oils capacity/ Ref.
Removal
Barley straw Drying Gas oil 77 8.50/g [57]
Carbonization, 40T in 0.5 to 3 Gas oil 8.51 9 g/g [57
hours
Calotropis Thermally treated, 15C Crude oil 76.32 g/g [59]
procerafiber
Thermally treated, 20C Crude oil 94.31 g/g [59]
Hot water treatment at 80in 1 Crude oil 99.2 g/g [36]
hour
Oven drying, 6€C, 24 hours Engine oil 1.107 g/g [59
Coconut husk ~ Oven drying, 66C, 24 hours Engine oil 0.058 g/g [59
Kapok fiber Oven drying, 6€C, 24hours Engine oll 0.827 g/g [59
Suridrying Diesel ol 19.35 g/g [60
Suridrying Engine oil 60.51 g/g [60
Suri drying Used 49.94 g/g [60]
engine oil
Luffa (an Cutting, Sievingwashing,and Diesel oil >85% [60]
agricultural drying
wastg (105°C)
Moss Hot water treatment, 100 Diesel oil 7.85%0.09 [3B
g/g
Hot water treatment, 8C Diesel oil 8.27 + 0.06 [3B
g/g
Potato peel Drying, 70°C and crushing Waste 2.15 [23]
lubricating
oil
Rice husks Oven drying, 66C 24 hours Engine oil 0.298 g/g [59
Suri drying Diesel oil 2.60 g/g [60]
Suri drying Engine oil 9.26 g/g [60]
Pyrolysis Diesel oil 5.02 [20]
Pyrolysis(N2 or inert atmospheje Diesel oil 2.78 [20]
Pyrolysis(Carbonized, 48C°C Diesel oil 5.5 | [34]
Pyrolysis(Carbonized, 48C°C Motor oil 7.5 | [34]
Salvinia Oven drying, 6€C, 24 hours Engine oil 0.944 g/g [59
cucullataRoxb
Silkworm Oven drying, 118C reduced to 60 Motor oil 4271 52 g/g [62]
cocoon waste °C, cutting and milling
Sugarcane Oven drying, 6@C, 24 hours Engine oil 0.019 g/g [59
bagasse
Suri drying Diesel oll 10.51 g/g [60]
Suri drying Engine oil 19.95 g/g [60]
Suri drying Used 18.01 g/g [60]
engine oil
Oven drying Engine oil 3.271 5.3 [61]
g/g
Wood chips Oven drying, 6€C, 24 hours Engine oil 0.343 g/g [59




VN J. Hydpo@s éorbopli.: 10. 3633 5UNMMI2HM. 2023 100

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 4G@&nd 200C for 1 hour resulted in the reduction
of functional groups, such as B (2920 cm?), C=0(1734, 1368, and 124'Y), and GO
(1032 cm?), and the disappearance of ligiiir505 and 1597 ctt) and hemicellulos€1737
and 1248 crit) peaks. Furthermore, the heat treatment helped eliminate thé reptslent
waxes from the fiber surface, thereby increasing its obrdi®n capacity. Th€alotropis
procerafiber with a large lumen, has a high oil adsorption capacity of up to 74.(Rajsing
the temperature from 180 to 200C results in an increase in the maximum adsorption
capacity from 94.31 g/g to 124.60 ¢fgg]. 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 sudried[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 fibgssi 64]. Lowi pressure flo plasnmtaeatment has been
used to enhance the surface hydrophilicity of cellulose fibers towards hydrocarbons that are
dispersed in water, which improves their ultrgdrophobic adsorption properties. The
cellulose fibers were obtained from various vegetableatddoy NaOH (0.5% w/what 353
K for 20 minutes, and then treated with iqgwessure plasma in the laboratoffe results
of the kinetic analysis demonstrated that the fibers treated with plasma achieved a removal
efficiency ranging from 80% to 90% aftenly 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 tolthegmuir adsorption isotherm, as noted 6%] [

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 thg &tjtface
This modification can lead to a reduction in water adsorption and an ierpest in oil
adsorption as compared to unmodified adsorberijs Many techniques have been studied
to improve the ability of adsorbents to repel water (hydrophobic) and attract oil (lipophilic),
including alkalization, acetylation, benzoylation, croskiing agentgwith or without hegt
grafting, and other techniqugs7]. In order to attach different chemical groups to the
hydroxyl (i OH) group on the cellulose chain, a variety of reactions are used. These reactions
typically involve chemicals such adkali, acetic anhydride, coupling agents, peroxide,
stearic acid, fatty acid derivativésleoyl chloridg, and other$68i 69].

3.2.1. Mercerization

Alkali treatment is defined by the ASTM D1965 as a method in which strong bases are
used to tregplant fibers, causing significant swelling and changing the filfieres structure,
size, shape, and mechanical propeftie$. 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 effedtive 71]. The initial alkali treatment is used to
remove noncellulose components like lignin and pectin, which exposes the inner surface
and creates a rougher surface structure for natural flla€¢ls This increases surface
roughness and promotes mechanical interlocking and better contact of cellulose on the fiber
surface, which increases the number of reactive §itgls Hasim has shown that the change
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in natural crystalline structure depends on the type and concentration of alka]i’tlsed
Increasing the NaOH concentration in the alkali treatment increases water repellency, leading
to a reduced water adsorption capacity of single abacalfiderTalde 2 summarizes the
literature on the parameters of the alkali treatment process, focusing on NaOH concentration,
treatment temperature, and soaking time.

Table 2. Mercerizationconditions of natural cellulose fibers

Mat er NaOH trea Oi Il ¢ Effect/CommesorptRef
par amet e capact
Calotropis Agi tate NaCrudeThe ff umctodigrgaelns 103 [3F
procera for 1 hour reduced, and the gl
fiber with a waxy hydr
t he inner sur f a
structure. The
increased from a
4. 4™ teo 37 .em7 AN
specific ismprfdwcea
146. 6 to 390. 8
93% of the stru
voi ds.
Hybri Hybridizat Lubri The process of 38. 1 1[7}F
peel wi t h NaOH oil adsor pt i icCOOCNNd
(bananstirred at surface of frui
skins 24 hours a augmentati on of
orang 70 for 24 amount due to it
p el CODgroups.
Mo s s NaOH s ®l%ae Di eseThe treat ment o] 8. 9'[3B
2% for 48 mer cerization r 0. 08
enhancement of
and ar ea, l eadir
increase in die
by 22 %.
Pl ant The fiberCrude 5 g l[7F
fiber subjected
(soybhetreat ment
i mmer sing
shaking th
NaOH sol ut
di fferent
hour s at
hour at
Foll owing
treat ment ,
were drain
at 105AC f
Ri ce NaOH 4 @ a Mari The use of lTow N 20 [77
Hus ks dies (0. 1) cMn effecti
surface fat, wad
wher eas compar a

outcomes are see
wi t h Na OH conce
froid M.

Table 2showsthat Calotropis procerafibers treated with 0.1 M NaH for 1 hour
resulted in a reduction in functionglr o unpessity,such a<CH (2920 cm?'), C=0(1734,
1368, and 1244 ¢, and CQ(1032 cm?). This is because the treatment removed impurities,
wax and pectin from the surface of thefib8&idhhe cont act angle d of t hi
was measured at 11and O for diesel. Mercerisationconsiderably increased the inner
diameter and surfacees ofCalotropis procerdumens, leading to an increased absorption



VN J. Hydpo@s éorbopli.: 10. 3633 5UNMMI2HM. 2023 102

capacity of up to 103.9 g/p36]. 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 oughnessWax 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 RMG3B0
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 capad®s]. Additionally, alkali treatment sees as a
pretreatment method for other adsorbent transformation techniques. In the stiidy, by
wheat straw underwent a pretreatment process by extraction with a i@trer®l solvent
system(2:1, v/\) to remove the wax layer, followed by treatmentwilit3% NaClQ solution

and 10% NaOH solution at 20 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, th®H bonds in cellulose are replaced by eft€0Q0] or
acetyl(CO) bonds, resulting in increased hydrophobicity compared to the original hydroxyl
groups, which can be hydrolyzed with waféf]. The acetylation process replaces the
hydroxyl groups with hydrophobic acetyl groups, which enhances thésaitigtion capacity
of cellulose adsorbents, making them easier to redo\@r 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, thelladsorption capacity of the adsorbent significantly increased
after acetylation, showing an increase from 67.51% to 195.60% compared to before the
acetylation procesdNotably, a study by 79 found that the acetylation of corn cobs with
aceticanhydride in a solventree 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, respectiv8igilarly, [24] reported thathe acetylation
processnodifiedthe surfacgropertieof wheat stravof 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 valu@srn sik was also acetylated ljy9] to improve
its oil adsorption capacity using acetic anhydride aiitrbimosuccinimide 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%cetylated flax fibers were synthesized B8] 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 sugarcdmegasse 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 methydacetic anhydridéhat it producescetic acid
as a byproduct. Acetic acid causes residual odor, loss of material durability due to acid
hydrolysis of hemicellulose, and metal corrogof].

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

Adsorption . The
capacit Adsorption adsorption
Adsorbent Agent Oils pactly capacity after 0P Ref.
before L efficiency
o modification .
modification increased
Bagasse The process of acetylatio Crude oil 6 g/g 11.3 g/g 88. 3 [37]

with acetic anhydride as
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A(c:j;s;%tilt(;/n Adsorption ads-gr]p?tion
Adsorbent Agent Qils b capacity after e Ref.
efore 7 efficiency
e modification .
modification increased
reactant and NBS as
catalyst is carried ou
under mild conditions
Crude oil 5.4 g/g 9.149/g 68. 5 [37]
Cocoa pods Acetylation with acetic Crude oll 3.97 g/ 6.65 g/g 67.5 [80
(natural anhydride and1 % of the
fiber) solven) Ni
bromosuccinimide
(NBS) as a catalyst
Corn Cobs Acetylation with iodine Oil spill 28.2 g/g 68.8 g/g 143. ¢ [79
and acetic anhydride
Corn silk The catalyst used for th Tapis 8.159/g 14.02 g/g 72.02% [81]]
fiber acetylation reaction wa crude
NBS, which was added at oil
concentration of 13% by
weight of the sorbent
Acetic anhydride was use
in a solid toi liquid ratio of
1 g/30 mL.
Arabian 9.4 g/g 16.68 g/g 77.45% [49
crude oil
Flax fiber A blend of 200 mL Motor ol 13.25 g/g 24.54 glg 85. 2 [29
methylbenzene, 100 mi
ethanoic anhydride, and
mL perchloric acid as
catalyst for acetylation
Oil palm Acetylation with acetic Crude oll 3.04 g/g 6.48 g/g 113. 1 (8]
empty fruit anhydride anq1 % of the
bunch solven) N[}
(natural bromosuccinimide
fiber) (NBS) as a catalyst
Peat moss Acetylation with acetic Oil spill ) 7.61 8 g/g T [87
acid
Rice Husks Acetylation in a solvent Crude oil ) 10.31 g/g T [83
free system using NBS
Sugarcane Under mild conditions anc Machine T 18.8 g/g T [84]
bagasse without the use of ¢ ail
solvent, an acetylatiol
reaction be carried oL
with acetic anhydride a
the reactant and N
bromosuccinimide as th
catalyst
Wheat Acetic anhydride as ar Diesel oil 8.19+0.47 24.21+0.76 195. €2}
straw acetylation reagent an alg a/g
NBS as a catalyst
Diesel oll 783+1.14 2239+x077 185. ¢ [2}
slick a/g a/g
Corn oll 9.23+134 2561+213 177. <42}
9/g a/g
Corn oil 868+1.23 2473+119 184. ¢ [2}
slick g/g a/g
3.23. Grafting

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

fibers for better oil adsorption by introducingidiiendly groups onto the fibers, which
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increases their hydrophobiciffZ]. Various reactions, including silylation, etherification,

and esterification, can be used for graftjig]. Esterification grafting, which involves
attaching fatty acids onto thesorbent materié 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 adj@b]. The two types of cellulose esfification are
chemical esterificatiof86] and mechanochemical esterificat[Gd]. Chemical esterification
of cellulose is often performed using pyridiaeyl chloride or anhydride reactions, which
generate hydrochloric acid as aipyduct, leading to cellulose degradation and
environmental harrf87- 8¢].

According to[89)], ionic liquids like EmimOACc could serve as catalysts and reaction
media for cellulose hydroxy group esterification. The researchers performed cellulose
modification using oleic acid in the TsClI/BmimOAc system through mechanochemical
esterification, and a new absorption peak was observed at 173ih ¢he Fourier transform
infrared spectra, indicating the formation of C=0O groLi#3. In another mechanochemical
esteification method conducted §90], cellulose fibers were ground to create microcrystals,
and these microcrystalline cellulose particles were then reacted with asymmetric mixed
anhydridegformed from acetic anhydride and oleic gdrda ball mill. The study found that
the ball milling method was an effective way to modify cellulose powder surfaces with
acetié¢ oleic acid mixtures, and the modified cellulose esters demonstrated improved
hydrophobicity and thermal stability when comgxito untreated cellulose powder.

Typical fatty acids, including oleic acid, stearic acid, lauric acid, decanoic acid, fatty
acid chloridegoleoyl chloride and octanoate chlorjdand N bromosuccinimid¢NBS), can
be used as agents for cellulose estifon reactions to enhance oil absorption and
hydrophobicity of natural adsorberfts?, 29, 8691- 94]. Table 4 presents the agents used
for cellulose esterification reactions and the oil absorption capacity of the modified
adsorbents by esterificationaions.

TsCl
V! 0 o
||,('—// \ s—ai
on on \__ I
)

o ° on
) HO e A~ /\/L
P o + _ NN “OH o , Jio o
n

oH P
OH n -/ \\\\\/\\e/ o o
 Sp— Ou)]\

o

BmimOAc =

Cellulose Oleic Acid Cellulose Oleate (CO)

Figure 1. Diagrammatic illustration of the esterification process of cellulose in BmimOAc with oleic
acid and TsCl as an activating agEit].

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

Sorption
Adsor b Esterif Solve Cataly Oils capacity/ Re f
Removal
Coconut Fatty ac DMaC/ LNi Enginel5. 31[9}
chl ool e bromosuc
chl ogride (NBBL %v /) v
Fatty ac DMacC/ LNi Enginell. 9€[9F}
chloride bromosuc
(octanoat (NBBL %v /) v

c
Coconut S ric nithexar HS Q [8 P
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Sorption
Adsor b Esterif Solve Catal y: Qils capacity/ Re f
Removal
Cotton 1Stear {Cd8 Sol verb5.0 igrscfl Crude 35.5¢[95)
fattly ac free €100 mL o 49
pyridine ra’
cot-
fi
Duri al IStearic nithexar HS Q Di esiell 0.37[2)
Mi crocry Ol eic ac SolverTsCl/ Bmi i T [3D
cellul o free s
[MCCpowd

PineapplStearic Met harPyridine Crude 0.101[98B
toluenes (100 )p 0. 00¢
clorua

Lauric a MetharPyridine Crude 0. 13 [9B
toluenes (100 )p 0. 00:
clorua

Sago bairStearic Et hyl CaO Used 2.1 [9F

acetat engine 2.30

Sawdust Ol eic ac nithexar HSQ Crude 6. <¢[1P
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According to studies by65, 9(], oleic acid, which has a long carbon chain and is
hydrophobic, is considered the most suitable agentcéulose esterification. It has
advantages such as flexibility, a wide thermal range, low melting point, easy processing,
renewability, and does not produce harmful fmpducts. Fatty acids with longer carbon
chains have better oil absorption capacity. Table 4 shows[1Ghptfound that sawdust
modified with oleic acid6.40 g/g had higher crude oil absorption capacity than that treated
with stearic acid5.23 g/g or decanoic acid4.23 g/g. Similarly, grapefruit peel modified
with oleic acid had better absorption capacity for diesel and lubricating oils than that treated
with stearic acid92]. The higher solubility of oleic acid iri hexane than stearic acid can be
apossible explanation for these results. Pineapple leaves modified with stearic acid showed
higher oil absorption capacity than lauric acid, which has a shorter carbon[&Haiim
summary, the oil absorption capacity of cellulose modified with fattysacan 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 thest used86, 9. Other catalysts used include TsCI
[96], Ca0[9€], and N bromosuccinimidéNBS) 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/salveystems used include sulfuric acidiexang29, 86,

92], TsCl/ethanol[95], CaOlethyl acetatg96], and N bromosuccinimide(NBS) 1%
(v/v)/DMaC/LiCI [94].
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Once the dry adsorbent has undergonétpratment, the esterification process can take
place. Forexample esterifying theif 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 procss, 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 mexane, which contains a drop of concentratgfsiCy
as a catalyst. The mixture is then refluxed in a D8tark system at a temperature of 65 *
2°C for 6 hours. After the reaction has occurred, the product is washed iigxame
multiple times, dried in an oven at®for 24 hours, and then stored for later use. According
to equatior{1,17], this process will result in the desineghction.
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The process of esterification can be integrated with the carbonization process. Example
carbonizing ogbono shell at 6@for 4 hourd97], coconut husk at 80Q for 6 hourd86],
and rice husk and sawdust at 800or 8 hours, followed by esterification with stearic acid
[99].

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 adifferent fatty acid. This process entails replacing the surface hydroxyl group with a
pi toluenesulfonyl group, and then covalently bonding a fatty acid on the sawdust surface
through highitemperaturé55°C) esterification procesdg-igure 2.

Figure 2. An illustration depicting the hydrophobic modification of cellulose networks in sa@jst

Shin prepared a reaction mixture containiin@$Cl and sawdust in pyridine, and added
oleic acid while stirring for 610 hours at 53568°C. Theresulting material was purified by
Soxhlet extraction and vacuiidried, then modified with different fatty acids a’65or 8
hours. Two basic materials (pine/OX06 and pine/OA124) were used in the studyd.

b) Other grafting reactions

In the studyof [3€], they altered cotton fibers by attaching alkyl groups to them.
Specifically, the cotton fibers were grafted with silyl ether substituents through $dteent
silylation reactions, replacing dialkyl groups. This conversion transformedhytthexy!
groups on the surface of the cotton into hydrophobic alkylsilyl ether chains. The resulting oll
sorption capacity was about 18 g g/g, which was 5 times greater than that of unmodified
cotton fibers $8]. In a similar vein, 10(, the hydrophobicit of cellulose fibers was
increased by grafting them with epoxidized soybean oil through aiii opgmpolymerization
reaction. The modified cellulose film that contained nano ESO polymer particles
demonstrated increased smoothness and improved waterenegelproperties 1[0(.
Meanwhile, {:(] utilized corn stalk pith to create a biosorbent with excellent oil sorption and
watei repelling properties. They modified the biosorbent by attaching octadecylamine to its
structure through a laccase/TEMR@ediated Saiffi Base reaction (Figure 3). This method



