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Abstract

Water pollution by hydrocarbon derivatives is one of the significant problems and challenges globally and is one of the lead-
ing causes of disease and environmental catastrophes. Increasing oil effluents have become a primary global concern due to
damage to living ecosystems and marine life. This oil should be removed from the water or the surface to protect the water
and the environment. One of the most important remedies for oil spills is using sorbent materials. Conventional synthetic
sorbents for oily water treatment are the most broadly applied materials, although they are not the optimal selection from
environmental and economic points of view. However, the utilization of biobased sorbents derived from natural materials
with environmentally friendly, low-cost, reusability, abundant, and biodegradability properties can be an ideal alternative for
convectional synthetic sorbent, with a positive effect on sustainability and circular economy. These types of sorbents are used
with various sizing from micro to nanoscale in different forms (membrane, aerogel, foam, and sponge). The objective of this
paper is to review a report on the use of porous biobased sorbents in both natural and modified forms which are available in
nature or our lives. Modification strategies for improving hydrophobicity of biobased sorbent were also broadly highlighted.

Finally, the challenges and future research directions of this promising research field are briefly discussed.
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1 Introduction

The treatment of oily water produced by many industries
such as pharmaceutical, textiles, tanning, mining, petro-
chemical, metallurgical, shipping and maritime, food, and
metal/steel industries has become a serious global environ-
mental concern all over the world. Discharging oily waste-
water without treatment results in different adverse effects
on the environment by polluting soil, surface water, under-
ground water, and an ecological system [1, 2]. The oil phase
in wastewater can exist in three forms, dispersed oil (20 to
150 pum), free oil (> 150 um), and emulsified oil (<20 pm)
[3].

The choice of and performance of oily water treatment
methods depend on oil droplet sizes and other factors, like
chemical composition, oil concentration, treatment effi-
ciency, costs, and end- use of wastewater [4]. Numerous
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chemical and physical methods have been developed using
different concepts for destabilizing oily wastewater treat-
ment. They contain oil skimmers, coagulation, gravity
separation, dissolved air floatation, photocatalytic, biologi-
cal process, and membrane method [5-9].The adsorption
process is one commonly, simply, and practical strategy
for oil spills cleanup and removing organic dissolved in
water, which has received much attention in recent years
[10, 11]. The United State Environmental Protection Agency
(USEPA) declared the best wastewater treatment method
is adsorption, among others [12]. The adsorption process
involves separating a substance from one phase accompa-
nied by its accumulation or concentration at the surface of
another [13].

Various inorganic and organic materials have been
applied as sorbents for oily water treatment. Generally,
an ideal sorbent for oil cleanup has properties like high
hydrophobicity, cost-effective, efficient uptake capacity,
oleophilic, available, low density, non-toxic, high sorption
capacity, porous enough with high surface area, and biode-
gradable [14].
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Sorbents for oil spills cleanup can be classified into the
groups' synthetic sorbents, natural organic, and natural
inorganic sorbents [10, 15, 16]. Natural inorganic sorbents
like alumina-phosphates, zeolite, silica, clay, and alumina
are minor in spill cleanup. Their sorption capacity is about
(4-20)g/g with little buoyancy properties [15, 17].

Common synthetic sorbents are polypropylene, polyes-
ter, and polystyrene foam. They have high oleophilic and
hydrophobic features, and their sorption capacity is about
70 g/g; they can also recover and be used several times.
These conventional sorbents are expensive, poorly biode-
gradable, unable to sorb adequately, and not environmentally
friendly [18-21]. These have caused engineers, researchers,
and scientists to consider the development of organic natural
materials like agricultural waste and products, biodegrad-
able polymer, and households waste as non-conventional
materials that are available in our life or in nature and can
be utilized as a novel part of oily wastewater remediation
process [17, 22-25].

Agricultural waste and products-based sorbents are
porous, cheap, biodegradable, efficient, and environmentally
friendly. However, efficiency is related to density, sorption
capacity, recyclability, and retention rate; examples are
kapok fiber, rice husk, cotton, sawdust, luffa, and lignin.
These materials are oleophilic due to their waxy nature
[26-28].

Biodegradable polymeric materials (BPMs) are most
commonly termed as biopolymers, and there are two classes
of biodegradable polymers: natural and synthetic. Natural
polymers from non-plant products like chitin and chitosan,
as well as from plant products like cellulose, developed
during a long course of evolution in nature, whereas the
synthetic polymer is the outcome of just a century’s worth
of research and development. In addition, both natural and
synthetic are renewable, biocompatible, low-cost, non-toxic,
and biodegradable [29-31]. In most home waste contain-
ers, eggshells, waste paper, fruit peel, and vegetable waste
make up the highest proportion. Many vegetables and fruits
are disposed of and fed to livestock or debris. They must be
recycled or managed because of their harmful environmental
effect. These materials are natural, green, and economical
sources of sorbent for eliminating various types of waste
contaminants and reducing pollution [32, 33].

This paper reports various types of modifications to
natural sorbent materials for oily wastewater treatment that
enhance properties like hydrophobicity and sorption capac-
ity. The modification should, ideally, maintain the beneficial
characteristics of the native material while strengthening its
weaker properties [25, 34].

While there have been a few numbers of review papers
on various kinds of porous biodegradable sorbent for oil
spills cleanup, this article includes the activities conducted
by numerous researchers in the recovery and removal of
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spilled oils using non-conventional sorbents that have been
applied in oily wastewater treatment both in natural and
modified form.

2 Types of porous biodegradable sorbents

Many different types of porous biodegradable sorbents such

as agricultural wastes and products, natural polymers, and

household waste are used for oily wastewater treatment.
Ideal biodegradable sorbents have some criteria like:

Be environmentally friendly.

Has a high sorption capacity for removing high pollutants
Low concentration in water / effluent; selectively.
Absorbed contaminants can be easily removed from the
surface.

e Berecyclable

The density values for the common various oils/solvents
in wastewater are reported in the literature (see Table 1).

3 Agricultural waste and products
3.1 Luffa based sorbents

Luffa cylindrical is a lignocellulosic material composed pri-
marily of cellulose, hemicellulose, and lignin with a con-
tinuous 3D macropore surface. Luffa sponge is extremely
light, with a specific gravity of 0.92 g/cm?®, low bulk of
(30-04) g/cm, surface area of 850 m%/m?>, and permeabil-
ity of 79-93%. Additionally, luffa sponges can be found
for a reasonable price in China, Japan, and other nations in
Asia and South America. Due to its excellent mechanical

Table 1 Densities of common
oils and organic solvents in
wastewater

Type of 0il  Density (g/cm?)

Pump oil 0.87
Diesel oil 0.84
Vegetable 0.90
DMF 0.95
Crude oil 0.93
Olive oil 0.91
Fuel oil 0.92
Corn oil 0.82
Motor oil 0.89
Kerosene 0.72

Gas oil 0.82
Soybean oil  0.92
Hexane 0.65
Toluene 0.86




Journal of Porous Materials (2023) 30:1037-1053

1039

qualities, renewable structure, high water sorption capacity,
stable structure, and degradability, this sponge has many
uses in daily life [35-38] see Fig. 1.

Hydrophobic bio-waxes, like Carnauba wax (CW) and
rice bran wax, can become entirely non-toxic right away
after being dissolved in polar solvents. These bio-based
waxes produce rougher coatings with lower energy and tex-
tural levels. They can be used to create super-hydrophobic
surfaces and have potential uses in the paper, wood, and
food packaging industries. These waxes are among the low-
energy natural materials with a variety of benefits, includ-
ing affordability, abundance, commercial viability, ease
of production, renewable resources, and environmental
friendliness. However, their greatest benefit is the absence
of organic solvents and chemicals, which makes them more
suitable for industrial use [41]. The wax layer created the
composite microstructure of the particle/film, which made
the super-hydrophobic coating extremely stable when sub-
merged in different oils and water and highly corrosion
resistant. The ultra-hydrophobic and ultra-oil-friendly Luffa
sponge was able to remove oil from the surface of water with
great efficiency (91%), a high sorption capacity (9.5 g/g),
and reusability (less than 10 Periods) [42] see Fig. 2.

The surface of the luffa sponge was modified with
NaOH (0.5 N) for 2 h in order to cleanup impurities and
make the surface ready to react with the substance. Then,
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a milky white colloidal suspension was created by mixing
water-based polyurea adhesive and SiO, nanoparticles in
an organic ethanol solvent. After that, luffa sponges were
dipped in the solution and dried. A high degree of chemical
and mechanical resistance, hydrophobicity, and oil friendli-
ness were all displayed by the modified luffa sponge [43].
In another study, modified luffa sponges using graphene
were suggested. They removed the impurities on the surface
of the sponge by alkalizing it. By immersion and drying,
modified graphene was then applied to the sponge's sur-
face. The sponge was converted from being hydrophilic to
hydrophobic. The outcomes demonstrated the modified luffa
sponge's excellent oil sorption stability [44]. Additionally,
a novel technique used F-SiO,-NPs (fluorine silica) nano-
particles made by the sol-gel technique to coat the surface
of a hydrophilic luffa sponge. According to the results, the
modified luffa sponge had a high WCA of 156° and high
hydrophobicity [45]. Another study found that a simple coat-
ing of Polyhedral Oligomeric Silsesquioxane (POSS) on the
surface of the luffa sponge increased the amount of sorbent
by 8 to 12 times its weight for a range of oils. It could be
recycled for different times in use. Furthermore, the modi-
fied luffa sponge has a WCA ~155°. The result displayed that
sorption capacity decreased with increased oil viscosity and
pore size [46]. Similarly, another study created a biodegrad-
able superhydrophobic, super-oleophilic, eco-friendly, and

Fig.1 A Schematic of geometrical structure of luffa sponge [39, 40]
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Fig.2 A Schematic diagram of the preparation of modified luffa sponge using rice bran and carnauba wax [42]

cost-effective luffa/graphene/carnauba and beeswax sponge
with a sorption capacity of about 11.92 g/g and a sorption
efficiency of more than 91.32% after 10 cycles, and the as-
synthesized modified luffa sponge-maintained oil recovery
of about 91.32% after 10 cycles [47].

3.2 Wood based sorbents

The fabrication process of superhydrophobic wood sponge
modified by reduced graphene oxide fluoralkylene silane
(F-Rgo@WS) is shown in Fig. 3. In this research, balsa
wood was selected as a cheap and biodegradable material.
A two-step chemical treatment was performed to obtain lon-
gitudinal channels and eliminate hemicellulose and lignin
compounds from the natural wood cell wall to synthesize a
highly porous wood sponge. First, the pieces of balsa wood

were dignified in 2Wt% NaClO, solution for 12 h at 105 °C.
Then, wood samples were transferred for the second step of
chemical treatment with 8wt% of NaOH solution for 12 h
at 80 °C, followed by freezing drying for 6 h at — 15 °C.
Finally, the treated wood sample was immersed in a gra-
phene oxide (GO) solution. The obtained wood sponge
modified by graphene oxide was chemically reduced by
ascorbic acid. This sorbent with a contact angle of about
145° exhibited excellent sorption capacity of about 10 g/g
and sorption efficiency of about 99% [48].

In another study, Wood sponges were prepared from natu-
ral balsa-derived wood; this sponge is applied for cleanup oil
spills and organic pollutants. This study selectively removed
lignin and hemicellulose using chemical treatment during
two stages. It became a porous cellulose-layered structure
with enough compression and mechanical traction. Then, a
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hydrophilic cellulose sponge with a silylating agent to pro-
duce. A hydrophobic and oil-friendly coating with chemi-
cal vapor deposition (CVD) results showed high selective
removal of oily substances at about 41 g/g. In addition, the
absorbed oils can be quickly recovered with simple mechani-
cal pressure. Due to their low cost, scalability, and flexibility,
these sorbents can be used as a good option for removing
oily substances from water sources [49] see Fig. 4.

One complex organic polymer with antimicrobial quali-
ties is rich in polyphenols and found in almost dry plants
like the woody bark of trees and crop residues. After cellu-
lose, this polymer which has a three-dimensionally branched
architecture is the most common compound in the struc-
ture of woody and non-woody plants. However, hardwoods
have less lignin content than softwood. This substance can
be employed as a good alternative in the area of oil sorp-
tion from water due to its advantageous properties, which
include environmental friendliness, low toxicity, biocompat-
ibility, lipophilicity, and sensitivity to enzyme breakdown.

Fig.4 A Schematic diagram of
the preparation of balsa-sensi-
tized wooden sponge [49]

Every year, an abundant amount of lignin is produced as
post-harvest agro-biomass in the pulp and paper industries,
which is actually wasted [50-52]. Lignin-modified melamine
sponge (UHS) is used as a biodegradable sorbent with high
hydrophobic and super-oleophilic properties with very low
density, high porosity, high selectivity, oil friendliness, and
recyclability. Moreover, other biomass such as tannins can
be used as a modification agent to make an ideal sponge for
cleaning up an oil spill. Oil sorption capacities of the UHS
sponge were up to 217 g/g [53] see Fig. 5.

Lignin-based carbon aerogels are modified with graphene
oxide nanoparticles (LCAGO) to separate the oil/water
mixture. Graphene oxide is a well-known substance used to
increase hydrophobicity and mechanical properties. Also,
GO nanosheets contain functional groups such as carboxylic
acid, epoxy, and hydroxyl, which can react vigorously with
active sites, especially amine groups. In this synthesized
aerogel, due to the strong bands created between the amine
groups of lignin derivatives and the carboxylic groups of
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GO and acrylic acid (AA), it has more compactness and
strength than the unmodified aerogel/lignin. The synthesized
aerogel has a contact angle of 150° and a sorption capacity
of about (32-34) g/g. Oluwasola Oribayo et al. reported a
super-hydrophobic and super oleophilic lignin polyurethane
foam modified by octadecyl amine (ODA) and reduced gra-
phene oxide (rGO). LPU-rGO-ODA porous foam showed
a high capacity for crude oil, chloroform, kerosene, and
engine oil, with a sorption capacity of (26-68) g/g. Modi-
fied sponge showed excellent reusability over repeated sorp-
tion-squeezing and high selectivity for oil sorption capacity.
After squeezing the oil-laden sponge, the absorbed oils in
the sorbent could be eliminated and aggregated. The foam
sorbent was now ready to be used again in the following
sorption cycle [55] see Fig. 6.

Lignin and cellulose are modified by carbon nanotube
(CNT) in different conditions by using (CNT-COC]) in
the presence of sodium hydroxide. The material can be
immobilized with Fe;0, nanoparticles, which causes easier
separation. This study showed that the sorption capacity of
CNT-g-Lignin/Fe;0, and CNT-g-Cellulose/Fe;0, is cal-
culated as (15-25) g/g and (10-23) g/g, respectively, for
several oil/organic solvents [56]. Super-hydrophobic and
super oleophilic bio-based porous martial was prepared by
cotton modified with lignin and bio-oil wax. The lignin and
beeswax provide micro/nanoscale structures and low surface
energy. This sponge's contact angle exceeds 150°, and it has
good sorption properties for heavy oils with densities greater
than or equal to 17 g/g, such as methylbenzene, ethyl acetate,
trichloroethane, and soybean oil. Moreover, the advantages
of porous materials are easy reactivation and recyclabil-
ity. They found that by the increasing amount of lignin and
temperature treatment, the rate of the biomass-based porous
gradually increases and decreases, respectively [57].

Carbon foam was synthesized from polyurethane (PU)
polymer as the template and lignin-phenol-formaldehyde
(LPF) resin as the source of carbon. The lignin was extracted
from sedge grass, and 25 wt.% phenol was replaced to create
an LPF resin in an alkaline medium with as-synthesized car-
bon foams with exceptional, distinctive properties like low
bulk density, effective oil sorption, open macrospores, and
good water repellency. The capacities sorption of the carbon
foams is (12 to 41) g/g for different kinds of organic sol-
vents. Foam sorption efficiency maintenance remains more
than 83% after 10 sorption tests. Additionally, carbon foams
can be recycled by combusting the oil contained within their
pores directly [58].

3.3 Cotton based sorbent

Cotton is a famous and common crop; this fiber is cheap, and
products are often made from multiple fabrics. This sorp-
tion is an ideal oil-sorbent substrate because of its loose
internal and small density[59, 60]. Calcagnile et al. cre-
ated super oleophilic and super-hydrophobic cotton using
a sol—gel method and subsequent octadecyl trichlorosilane
(OTS) modification to add hydrophobicity to the material
with a WCA of 156°. This martial difference and reusabil-
ity for 10 times and almost constant sorption capacity [61].
Super-hydrophobic cotton fabric by dip-coating Cellulose
nanocrystal (CNC) was obtained in order to sorption oil
from oily water and separate different oil/water blends with
high separation proficiency (>98%). CNC nanocrystal with
biodegradability, renewability, and nanoscale size was used
as the rough structure component for modified cotton in
place of inorganic nanoparticles was obtained. Moreover,
this super-hydrophobic cotton exhibited high constancy,
making it recyclable for different times without decreasing

Fig.6 A Schematic of the
construction of LPU-rGO-ODA A
foam sorbent [55]
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separation proficiency. This sorbent could be degraded
hydrolytically for 10 weeks at 37 °C in a phosphate buffer
solution with a 14.4% weight loss [62]. The biodegradable
fabric was prepared from cotton fabric modified by natu-
ral acid—alkali-salt resistant urushiol @ TiO,. The as-syn-
thesized U@TiO,-covered cotton has not only exceptional
constancy toward high temperatures but also showed good
resistance to acid—base solutions with different pH values
and mechanical abrasion [63]. Graphene oxide-coated cot-
ton displays the practical separation of oil /water mixture.
Cotton was dipped into a dispersal of 30 ml GO aqueous
solution. This nanoparticle-covered cotton also owned great
mechanical features; the result showed that the graphene
oxide-covered cotton's oil sorption capacity decreased
slightly after ten cycles of oil-water separation. Moreover,
the time which is necessary for oil sorbent was shortened.
Furthermore, cotton/graphene oxide's oil-sorption capacity
is up to 30 g/g [64].

3.4 Rice husk

Rice husk is an essential by-product in rice milling and con-
stitutes a significant agricultural industry waste, including
more than 70% hemicellulose, calluses, lignin, and 20%
hydrated silica and ash content. Because the structure of rice
husk is woody, tough, and insoluble in water, it can be a sig-
nificant pollution problem for the environment. According
to Food and Agriculture Organization in the United States
(FAO), the annual rice paddy production is approximately
582 million tons annually [65].

In order to study the sorption capacities of diesel fuel and
crude oil, black rice husk ash (BRHA) and white rice husk
ash (WRHA) were produced through the thermal decompo-
sition of raw rice in a fluidized bed pilot reactor under vari-
ous sorbent conditions. The results showed that BRHA had
been higher sorption capacity than WRHA in these oper-
ating conditions [66]. Obtained porous carbon composite
modified with silica nanoparticles (C/Si0,) using pyrolysis
of rice husk at 480 °C. The results showed that pyrolysis
increases the hydrophobicity, buoyancy, and oil sorption
capacity of foam sorbent [67]. Another study fabricated bio-
waste sorption from rice husk to remove oils and petroleum
products by alkaline treatment of rice husk at low tempera-
ture. Alkaline treatment by NaOH aims to remove silica. As
a result, it produces a lignocellulose sorbent. Some factors
like duration, temperature, and sodium hydroxide concentra-
tion were investigated. The result showed oil capacity of the
modified rice husk was about 20 times its own weight [68].

3.5 Kapok fiber

Kapok fiber is a kind of natural fiber that has high oil
sorption capacity because of its porous nature and waxy

coating on the structure and has many hydroxyl groups in
its structure. The oil spills sorption capacity is increased and
improved using several surface modifications.

Kapok fibers that have been hydrophobically modified
with SiO, nanoparticles and polymerized butyl methacrylate
(PBMA) were studied for oil sorption. The surface modi-
fied by a mix of PBMA and SiO, improved the oil sorption
capacity because of the low energy of PBMA and improved
micro and nanoscale roughness on the fiber with hydropho-
bic silica nanoparticles. This sorbent can reuse at least 6
times via vacuum filtration. After 6 cycles of sorption and
desorption, the decrease of oil sorption capacity does not
exceed (6.1-10.2) %. In the oil-water mixture, the sorp-
tion capacity for different oil types such as soybean, die-
sel, crude, 20cst, and 150SNwas about (65-90 g/g) [69]. In
another study, kapok fibers were modified by SiO, nanopar-
ticles via the sol-gel method and hydrophobic modification
by hydrolyzed dodecyltrimethoxysilane (DTMS). Oil sorp-
tion capacity for soybean and diesel oil was about 58.8 g/g
and 46.9 g/g, respectively. More than 90% of absorbed oil
can be removed by vacuumed filtration, and after 8 cycles
of sorption desorption, the loss of sorption capacity of fiber
is no more than 20% [70]. The surface of kapok fibers and
cotton was modified by dip coating of P-SiO, nanoparti-
cles. For prepared P-SiO,, polydimethylsiloxane (PDMS)
was deposited on hydrophobic SiO, nanoparticles. The dip-
coated kapok fibers and cotton exhibited high repellency
towards the water with WCA ~ 150 °, and modified cotton
and kapok fibers showed a high oil sorption capacity of
about (20-60 g/g) depending on the oil type. Moreover, oil
absorbed can be mechanically extracted, and the sorbent can
be reused easily [71].

3.6 Straw

Agricultural waste products include lignocellulosic straws,
flax, barley, wheat, and oat. These straws are primarily com-
posed of lignocellulose, cellulose, and hemicellulose, which
contain carbon (C), nitrogen (N), hydrogen (H), and oxygen
O) [72].

Investigated the potential of a sorbent for oil removal,
which was prepared from organic waste martial (barley
straw). Two forms of barely straw were investigated: carbon-
ized raw and commercial straw. Natural straw was pyrolyzed
at (200-500 °C). The result showed that carbonized straw in
pad form has the highest oil sorption capacity compared to
commercial and raw straw; due to the thermal treatment of
straw, the amount of water sorption was reduced [73].

In another study, the oil sorption capacity of three mod-
els of straw (oat, wheat, and barley) were investigated. The
result showed that barely straw with an average particle
size of about (150-1000) mm has a maximum oil sorption
capacity of about 6.07 g/g. Oat and wheat, with an average
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size of about (425-600) mm, had an oil sorption capacity of
about 5 g/g and 5.49 g/g, respectively. In addition, the result
showed that oat straw could be used for many cycles and
only an 18.45% absorbency value reduction after 6 cycles
[74].

4 Biodegradble polymer
4.1 Natural polymer
4.1.1 Chitin & chitosan

Chitin is a long-acting polymer of n-acetylglucosamine, a
glucose derivative found in various organisms such as crus-
taceans (shrimp and crabs) and aquatic animals (fish and
coral) [75]. All these substances are impurities and must be
removed to achieve the desired purity. In order to remove
impurities, the crushed material (crustacean skin) is first
treated with acid to attain the complete dissolution of the
protein. Then the material to alkaline extracts is sent to dis-
solve the proteins. Finally, after a decolorization step, color-
less materials are produced. It is extensively used in vari-
ous fields such as agriculture, pharmacy, water purification,

environment, and biotechnology. Chitin is used as an effec-
tive coagulant for water treatment [76, 77] see Fig. 7.

A super-hydrophobic chitin sponge was synthesized for
the first time by freezing dried and using a thermal chemi-
cal vapor deposition of methyl trichlorosilane (MTCS) at
diverse relative humidity. The average pore size was about
(20 to 50) um because the modified sponge, coated with
MTCS on the surface of chitin, had an interconnected struc-
ture. In addition, MTCS nanofilaments are immobilized on
the surface of the chitin matrix, which results in high hydro-
phobicity. So, this sponge showed excellent high mechanical
durability and elasticity. The sponges could efficiently col-
lect organic material from the water’s surface and bottom
with more than 58 g/g. Microorganisms can biodegrade this
sponge in the soil in less than 32 days [79].

The chitin/halloysite nanotube sponge (C/HNTs) was pre-
pared for oil-water separation. The C/HNTSs porous sponge
was crosslinked by freeze-drying and epichlorohydrin and
modified by 1-bromohexadecane ethanol solution to be a
hydrophobic sponge. The mechanical properties, oil sorption
capacity, efficiency, surface structure, and microstructure of
the as-synthesized sponge were investigated. The absorption
capacity of different types of oil and grease were investi-
gated, like n-hexane, seed oil, chloroform, methylbenzene,
acetone, and sunflower seed oil. The result showed that oil

Fig.7 A Schematic diagram of
preparation of chitin and chi-
tosan by two different methods
(78]
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sorption capacity for hexane was 3.94 g/g, chloroform was
11.23 g/g, and oil sorption efficiency was about 98.7% [80]
see Fig. 8.

In another research, YDT Trang et al. synthesized an
oleophilic and super-hydrophobic chitin-modified polyure-
thane foam sorbent. The elastic sorbent contained 10% chitin
with a sorption capacity of 13.3 g/g. This sorbent had the
highest sorption rate in the first (15-20) min but gradually
decreased after 60 min. Due to the saturation of the porosity
of the sorbent, the amount of sorption capacity reached its
minimum value. The amount of sorption by this sorbent with
chitin particles with a size of (1-3) mm is much higher than
chitin particles with a size of (5-10) mm [81].

Chitosan (CS) is a natural, low-cost polymer used in
different studies for oily wastewater treatment. Chitosan
is poly [2-amino-2-deoxy-(1-4)-B-D-glucopyranose] and
derived from chitin which is poly [B-(1 — 4)-2-acetamido-
deoxy-2-D-glucopyranose] and produced by alkaline
deacetylation of chitin. Chitosan is an appealing material
for wastewater treatment because of its biodegradability,

non-toxicity, hydrophilicity, biocompatibility, and presence
of highly reactive amino (-NH2) and hydroxyl (-OH) groups
[82]. Using chitosan in its flake or powder form is challeng-
ing due to its low surface area, high crystallinity, resistance
to mass transfer, and low porosity. Chemical and structural
modification of chitosan is a reason to improve chitosan
sorption capacity. This modification contains cross-linking,
grafting, combining chitosan with other sorbent materials,
and using the ion-imprinting technique to improve the selec-
tivity of chitosan sorbent's metal ions [83, 84] see Fig. 9.
Electrostatic interactions between chitosan polymer and
(cs, itaconic acid, Fe304) and coating immersed in an etha-
nol solution of candelilla wax were used to create a bio-
degradable magnetic chitosan-based hydrophobic aerogel.
Because of the hydrophobicity of magnetic nanoparticles
(Fe304) and candelilla wax, the properties of synthesized
aerosols for spill cleanup have improved. The as-synthesized
aerogel has a high sorption capacity (17.7 to 43.8) g/gto a
variety of organic liquids and oil-in-water emulsions as a fil-
ter. It is also water repellent with a contact angle of 147.9 °C,

Fig.8 A Schematic diagram of
a process of modified sponges,
b the cross-linking mechanism
of hydrogel, and ¢ the hydro-
phobic modification of sponges
(80]
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and the absorbed organic fluids are recovered as soon as they
are exposed to ethanoic acid at 75 °C [83]. Another low-cost
sorbent was obtained from oxidized chitosan aerogel with
cellulose using cross-linking, freeze-drying, cold plasma,
and cellulose oxidation modification. The as-synthesized
aerogel displayed a high sorption capacity (13.77-28.20)
g/g for several oils and organic solvents. This sorbent can
be used for up to 50 cycles by squeezing the sorbent sponge
[85] see Fig. 10.

A simple freeze-drying procedure synthesized porous
three-dimensional chitosan aerogel (CSA). The as-synthe-
sized aerogel was highly porous (porosity >98.16%) and
ultralight with a density ranging from 10.19 to 36.05 mg/
cm?®, and it had a density range of 10.19 to 36.05 mg/cm3
as well. Modify aerogel properties by coating hydrogel on
the aerogel surface with a simple spray method. The result
showed super hydrophilicity (Bwater~0°) in oil and supero-
leophobicity (Boil ~162°) underwater. The as-synthesized
aerogel has a sorption capacity as high as 147 times its own
weight [86, 87]. Chitosan aerogel from waste industry sea-
food and prawn shells is found as a suitable sorbent for oil
separation from oil-water solution. Some factors like the
effect of initial concentration, contact time, pH, and mass
sorption were investigated on efficiency value. They under-
stood that the maximum sorption of oil by chitosan hap-
pened after 6 min of contact time. Moreover, the maximum
oil sorption capacity from the acquis solution was 17.96 g/g
[88]. Similarly, in another study, zirconium-chitosan com-
posite (Zr—Cs—HS) was synthesized for sorption oil from
oil/water pollution. The contact time's effect on eliminating
oil from the water solution was investigated. Their study
showed maximum oil removal was 79% when revealing
400 mg of sorbent to 25 ml of diluted solution after 4 h of
contact time. The (Zr-Cs—HC) has had higher elimination
efficiency than chitosan without any modification [89].

Prepared biodegradable microporous aerosol membrane
and modified with chitosan biosynthesis to separate crude

vegetable oil/water emulsion, bio-diesel/water emulsion,
and oil spills wastewater from the water source. Aerogel
membrane attracted much attention in recent years because
of some advantages like disposal biodegradability, stability
in different conditions, ease of the process, and less tox-
icity. The result showed that the permeate water purity of
the synthesized aerogel membrane was >99% at high water
flux>600 L.m~2h~! [90]. Also, in another research, super-
hydrophobic and super-oleophilic chitosan sponges were
produced by freeze-drying. The procedure is schemed for
getting three dimensions porous with large pore volume and
great compressive features. This sponge can adsorb oil from
the water up to 99% and claims adsorptive capacity up to
60 times its own weight. After being reused for different
cycles, it maintains a high adsorptive capacity [91]. The
amphiphilic sodium salt of oleoyl carboxymethyl chitosan
(NaO-CMCS) was available to remove floatable oil from
the aqueous solution. For the emulsion study, oil diesel was
selected as the oil phase. In this research, both (o/w) emul-
sion (1:1 v/v). For the prepared creamy emulsion, different
content of NaO-CMCS (0.5-5 g/lit) and a calcium chloride
dehydrate solution (0.1%) were poured into this solution.
They reported about 75-85% and 19-49% from polluted
aqueous seawater and deionized water, respectively. They
could recover 20% oil from seawater with a 2 g/L. concentra-
tion of NaO-CMCS, and 20% of oil from seawater, with a
2 g/L concentration of NaO-CMCS [92]. In another study,
a novel and straightforward approach were made up of the
Super-hydrophobic cellulose and chitosan composite aerogel
(SCECS). With the help of electrostatic interaction and ion
exchange, sodium stearate modifies the aerogel's surface.
The hydrophobic and oil-friendly super-aerogel composite
was selectively and with desirable properties such as sorp-
tion capacity above 10 g/g, WCA~156°, and many cycles
to adsorb oil emulsions stabilized with surfactants in water
[93,94] see figs. 11, 12.

Fig. 10 A Schematic of absorp-
tion process of synthesized (a)
aerogel A oily substances, B
and organic solvent [85]
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Fig. 11 A Schematic of SEM micrographs of aerogels surface a CE, b CECS and ¢ SCECS. The cross-sectional SEM image of aerogels d CE, e

CECS, and f SCECS [93]
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Fig. 12 A Schematic of A sorption capacity of SCECS aerogel for toluene water mixtures and the contact angle of SCECS aerogel after different
separation cycles. B sorption capacities of SCECS aerogel for various oils and organic solvents [93]

4.1.2 Cellulose based sorbent

Cellulose is a natural liner polymer (polysaccharide) com-
posed of glucose units with the formula (C6H1005) X [95].
Generally, this biopolymer is synthesized by plants and
found more in stalks and leaves. Due to excellent properties
such as mechanical strength and hardness, lightweight, high
porosity, resistance to hydrolysis, and biodegradability, it has
the potential for the sorption of oily substances from water
sources [96].

The super-hydrophobic cellulose aerogel was synthesized
using the plasma treatment, physical-chemical foaming
technique, and subsequent silane modification process to
absorb and store oil. These aerogels have a three-dimen-
sional skeletal structure and interconnected pores like a
beehive with a low density of about 0.034 g/cm3 and high
mechanical strength and contact angle of more than 156°. In
addition, these aerogels have a high oil sorption efficiency
of about 99%. These aerogels showed excellent mechanical
resistance to abrasion and corrosion in strong acids, alkaline
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solutions, and marine salt environments. These sponges can
be used for up to 30 cycles while maintaining and regener-
ating efficiency by immersing in ethanol [97] see Fig. 13.

Using the freeze-drying and sol-gel methods to create
cellulose aerogel, its hydrophobic properties were changed
by adding trimethylchlorosilane (TMCS) or hexamethyld-
isilane (HMDS) to it while it was heated. Finally, the syn-
thesized aerogel has high hydrophobic properties. It had a
contact angle of about 100-150°, quickly removing many oil
and grease stains [98] see Fig. 14.

Similarly, another study synthesized a three-dimensional
hierarchical nano cellular aerogel foam with excellent oil
sorption capacity. The effect of nano-cellulose and sodium
dodecyl sulfate (SDS) concentration on fabricating a nano-
cellulose aerogel foam (NAF) was investigated. The results
show that the optimal concentrations of nano-cellulose and
SDS for preparing this NAF/SDS three-dimensional aero-
gel are 0.4% and 0.2%, respectively. Moreover, the sorption
capacity of aerogel sorbent for cyclohexane, ethyl acetate,
and vacuum pump oil was 206.79 g /g, 194.75 g/g, and
145.2 g/g, respectively [99].

Fig. 13 A Schematic of a oil
sorption steps by cellulose aero-
gel and b sorption of organic
solvents by cellulose aerogel
[97]

4.2 Synthetic polymer

In recent years, there has been a significant increase in
interest in biodegradable materials such as polyglycolic
acid (PGA), polyethylene adipate (PEA), polycaprolactone
(PCL), polybutylene succinate (PBA), poly p-dioxanone
(PDS), and poly lactic acid (PLA) for use in drug delivery,
medicine, agriculture, packaging, wastewater treatment, and
other areas. Many researchers are trying to modify tradi-
tional polymers to design novel polymer composites out of
bio-based material and change their structure to be user-
friendly. On the other hand, the synthetic biodegradable
polymer has a positive economically and environmentally
effect. It helps to reduce the need for synthetic polymer pro-
duction [29, 100-102].

Fabrication of superhydrophobic and magnetic polylac-
tic acid (SMPLA) nonwoven fabric for oil-water separation
with the cost-effective, simple, and scalable method. First,
polydopamine (PDA) was created on the surface of the bio-
degradable polylactic acid by polymerizing PDA to create
a strong adhesion force. The PDA layer was then immobi-
lized with iron oxide (Fe;O,) particles to give the magnetic

Fig. 14 A Schematic of a
cellulose aerogel, b modified
cellulose aerogel using TMCS,
and ¢ modified aerogel using
HDMS [98]
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fabric its characteristics and produce surface roughness. To
reduce surface energy, poly (vinylidene fluoride-co-hex-
afluoropropylene) was applied to the fabric after it had been
synthesized. The result showed the fabric exhibition great
water repellency with WCA ~151.7°, oil sorption capacity
for different oil—water mixtures was about 36 g/g, and oil
sorption efficiency reached up to 99.5% [103].

An eco-friendly sorbent made from the biopolymer Poly-
lactic acid (PLA) with honeycomb-like structures was pre-
pared using a water-assisted thermally induced phase separa-
tion plan for effective oil spills cleanup. This sorbent could
adsorb 27.3 g/g because of excellent properties like the large
surface area of PLA and super-hydrophilicity features [104].

Using the Supercritical carbon dioxide (sCO,) process,
are created cost-effective and biodegradable polylactic acid/
poly (butylene succinate) (PLA/ PBS) foams with excellent
oil sorption performance. PLA/PBS foam displays a lattice-
like open-cell structure with 98.2% open-cell content. In the
meantime, PLA/PBS open-cell foam has a porosity of 97.7%
and an increased ratio of 43.6, which is about 315% higher
than the former study. (PLA/PBS) foam can selectively
adsorb oil from water to separate oil and water efficiently.
PLA/PBS foam has a sorption capacity of (7.9-21.9) g/g for
several organic solvents and oils [105].

5 House hold wastes

House hold waste like waste of paper, vegetable and fruit
peels,and eggshells which more than 50% of their structure
contains carbon or cellulose, are evaluated for oil separate
from water [106]. Different peels like orange and banana
are rich in cellulosic content and can eliminate oil more
efficiently than lighter oils [107]. Prepared a sorbent from
the usefulness of potato peel for separation lubricating oil /
water aqueous solution. This sorbent exhibited an excellent
potential for keeping in oil for a long time, and also oil sorp-
tion capacity of this sorbent was 2.15 g/g [108]. Similarly,
natural pomelo peels powder fibers coated on the mesh by a
facile spry method. The sorption efficiency of natural sorb-
ent was more than 98% for a heavy and light oil mix after
50 cycles of the separation process [109]. The bio-waste
banana peel was investigated for oil separate from water.
They reported that different factors directly affect sorbent's
oil capacity depending on factors like oil film thickness,
temperature, oil type, and sorption time. This sponge can
be reused more than 10 times until it reaches 50% of the
first sorption efficiency [110]. Three different varieties of
material, such as Garlic and Onion peels and sludge which
contains calcium aluminum silicate, were formed in different
steps of units in petroleum-like dissolved air floatation clari-
fication and filtration. In this work, they examined the oil
capacity of sludge sorption in two ways: thermal treatment

and chemical treatment, and the result showed 1.388 and
0.8 g/g, respectively. In contrast, onion peel and garlic have
sorption capacities of 0.455 g/g and 0.385 g/g, respectively
[111]. One of the most common biomaterials in nature is
eggshells; 11% of the egg's total weight is eggshell. An.
important component of eggshells is MgCO; (1%), calcite
CaCO; (94%), organic matter (4%), and Ca; (PO,), (1%).
Eggshell has a great combination of stiffness, impact resist-
ance, strength, and toughness. Both modification and non-
modification form of the eggshell has the potential for waste-
water treatment. Calcination at a high temperature changes
the eggshell structure due to the development of pores by
the emission of carbon dioxide gas. The modified surface
of eggshells by hexadecyl-trimethyl-ammonium-bromide
surfactant solution (HDTMA-Br) was used as the treating
agent. The surface-modified eggshell (SMES) was used
to eliminate crude oil from water. The result showed that
SMES could absorb oil from water in less than 10 min with
91.2% sorption efficiency [112]. Fabricated hybrid aerogel
from banana peel/waste paper (BPWP) by combining dif-
ferent steps like pyrolysis, freeze-drying, and freezing-cast
method. The result showed BPWP aerogels displayed a high-
hydrophobicity WCA ~ 149.3°/under air superoleophobicity
(OCA of 0°), high porosity, and compression strain of 75%,
which can adsorb free oil, and high oil sorption capacity was
about (35-115) g/g. Additionally, these aerogels efficiently
separate different surfactant-stabilized water in oil emulsions
driven solely via gravity. Also, it exhibited higher fluxes of
up to 8550 L. m~2.h~ ! and efficiency above 99.6% [113].

6 Benefits and limitations of porous
biodegradable sorbents

Biodegradable biomass has been used in recent years as a
raw material with many good properties for water treatment.
For oil/water separation, bio-sorbent materials like lignin,
cellulose, kapok, wood, cotton, luffa, paper, chitin, chitosan,
polylactic acid, and fruit peels are used. These materials are
excellent for cleaning up oil spills because they have some
advantages over other types of sorbents, such as low cost,
non-toxic, abundant, environmentally friendly, degradability,
composability, low density, and mechanical and chemical
stability. In addition, various modifications can improve the
properties of materials, like sorption capacity and hydro-
philicity. Ideally, the modification should enhance weaker
properties and keep good features; for example, alkaline
treatment of rice husk produced lignocellulose by remov-
ing silica on the surface. The limitations of bio-based sor-
bents are chemical modifications of sorbents which may
increase the cost of treatment; these sorbents may leach out
color into solutions on contact with water, and the collec-
tion of bio-based sorbents along with transportation to a
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processing area, create an extra cost. For clarity, there are
different kinds of oil recovery methods reported in the lit-
erature (see Table 2).

7 Outlook and challenges with porous
biodegradable sorbents

In the text above, various materials are used as biodegrad-
able sorbents for oily water treatment. In this review, we
discussed different sorts of biodegradable products that can
be used as low-cost sorbents and used for oily wastewater
treatment. Without a doubt, biodegradable material will
increase shortly due to the leakage of oil resources in the
environment applied for oily water treatment. One of the
biggest challenges with sorbents is their efficiency which

Table 2 Oil sorption capacity of porous biodegradable materials

decreases when the viscosity of oil and emulsion increases
due to emulsification and evaporation over a period of time.

In general, biodegradable sorbents have many advantages
due to their biological origin and abundance. Also, the pos-
sibility of reusing the sorbent and recovering the oil is a
desirable property of sorbent from an economical and envi-
ronmental view. However, the low hydrophilicity of these
materials can lead to low oil buoyancy properties and sorb-
ent capacity. These materials can be modified to improve
these properties, but doing so may reduce this sorbent's bio-
compatibility. To enhance the ability of sorbent materials
to separate oil from water, they must undergo effective and
environmentally friendly modification.

The emulsion can be stabilized by using hydrophilic and
hydrophobic nanoparticles when the wettability of particles
is partial with WCA (20-120°) or modified by a chemical-
surfactant or bio-surfactant. The microsphere's porosity and

Sorbent Form of sorbent Contact angle sorption capacity Recovery  Type of oil References
Poly (lactic acid) Film 1355+1.7° >90% 5 cycles gasoline and diesel [114]
Poly (lactic acid)/TiO, Fiber 156+1° >99% 10 cycles Varieties of oil/water mixtures [115]
Poly (lactic acid)/SiO, Fiber 135+3° ~100% 10 cycles n-hexane [116]
Poly (lactic acid)/rGO Foam 150.6 ° >96% 14 cycles Different oil-water mixtures [117]
Polycaprolactone PLC/SiO, Fiber 158.6 +2.3° >99.93% 10 cycles  n-hexane [118]
Chitin nanofibrous membrane  Fiber 158 ° >95% 30 cycles Chloroform, toluene, hexane, [119]
(CNM) kerosene, and dodecane
Cellulose/Fe;0, Sponge 156 ° >98% 5 cycles Toluene, paraffin oil, n-hexane, [120]
cyclohexane
Cellulose/chitosan Aerogel >150° >96% 5 cycles Oil/water mixture [121]
Cellulose/TiO, NPs Sponge 171° >98.5% 40 cycles  Chloroform, toluene, kerosene  [122]
Glucose coated filter paper Paper 155.6+1.2° >99% N/A Hexane, toluene and petroleum [123]
ether
Rice straw cellulose Aerogel N/A N/A 6 cycles Non-polar hydrocarbons, polar  [124]
aprotic solvents and oils
Cellulose/cotton Fabric 143.8+25° >93.2% N/A Octane and chloroform [125]
Cellulose Hydrogel N/A >99% N/A n-hexane [126]
Bacterial cellulose Aerogel 146.5° >80% 10 cycles  n-hexane, toluene, and acetone  [127]
Waste newspaper Aerogel 132° >63% 5 cycles Pump oil, ethanol and gasoline  [128]
Lettuce Aerogel 144.2° N/A N/A Diesel oil, crude oil, n-hexane  [129]
Luffa/carnauba wax Sponge 151.7° >91% >10 cycles n-Hexadecane [42]
Bamboo pulp Aerogel 1359° 50-150 g/g 5 cycles Paraxylene, dimethylacetamide [130]
and ethanol and oils pump oil
and sesame oil
Winter melon Aerogel 135° ~100% 5 cycles Methanol, ethanol, 2-propanol, [131]
ethylene glycol, acetone,
DMF, hexane, cyclohexane,
toluene, and chloroform
Peanut shell Layer 143.8+5° >99.5% 55 cycles  Oily wastewater [132]
Peanut hull/graphene Aerogel 141° 93% 10 cycles  Various oils and organic [133]
solvents
Grass-modified grapheme Aerogel 146 ° >90% 10 cycles  Ethanol, n-hexane, gasoline, [134]

and motor oil
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surface area rule over nanosized particles in the oily water
treatment. For stable emulsion, nanoparticles' dispersion rate
must be higher. Moreover, emulsions stabilized through par-
ticles are more stable against coalescence than the chemical-
surfactant or bio-surfactant stabilized emulsions, but sprayed
or coated surface materials show a lack of long-time reus-
ability and stability. Furthermore, the wetting properties
of the separators are switchable between hydrophobic and
hydrophilic states by surface modification with hydropho-
bic and hydrophilic materials. Moreover, hydrophilic and
superoleophobic materials are superior to oleophobic and
hydrophilic materials because of the reduction in water bar-
rier capacity and external fouling.

8 Conclusion

Hydrocarbon contamination is of serious worry due to its
widespread effect on all aspects of life. Oil contamination
can occur during operational oil discharge from tankers,
and spill oil from offshore platforms, ships, and pipelines,
so treating oily wastewater before discharging to seas and
oceans is necessary. In recent years biodegradable sorb-
ent due to some features such as cost-effective, non-toxic,
recovery of oil and reutilization of waste, available, easily
regenerated, a significant decrease in the amount of oil in
the water, and most economical methods for wastewater
treatment received much attention in recent years. The chal-
lenge and opportunity for the future is to create efficient
sorbents with the least amount of environmentally-friendly
modification while retaining the beneficial characteristics
of native bio-based materials, such as non-toxicity and bio-
degradability. Therefore, using renewable sorbent opens a
new opportunity to solve the problem of oil containment
and, as a result, the lack of water resources in the world. In
this review paper, the most used sorbents for eliminating oil
contamination from water resources have been investigated.
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